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Vincent Blay1 and Suk Bong Hong2
1Departamento de Ingeniería Química, Universitat de València,  
Av. de la Universitat s/n, 46100 Burjassot, Spain.
2Center for Ordered Nanoporous Materials Synthesis, School 
of Environmental Science and Engineering, POSTECH, Pohang 
37673, South Korea.
It is a pleasure for us to introduce this book Zeolites and Metal-Organic 
Frameworks - From lab to industry. The editors are distinguished alumni 
from the Instituto de Tecnología Química (ITQ), in Valencia, Spain. ITQ is 
a joint research centre founded in 1990 by the Spanish National Research 
Council (CSIC) and the Polytechnic University of Valencia (UPV). Catalysis 
by zeolites has been the most emblematic passion of ITQ, to which many 
other fields of research added over the years. ITQ has become an iconic 
research centre worldwide, embracing organic, inorganic, photo-, electro- 
and computational chemistry, materials science, pollution control, chemi-
cal engineering, and health care.
Our Center for Ordered Nanoporous Materials (CONS) was established 
at POSTECH, Pohang, Korea, in 2012. CONS is the National Creative Re-
search Initiative Program supported by the National Research Foundation 
of Korea. Analogously to ITQ, CONS aims to become a leader in the field of 
ordered nanoporous materials science. The main objectives of CONS are to 
demonstrate new and innovative synthesis strategies and to create unique 
zeolite framework structures and/or compositions that could devise new 
processes and applications in environmentally sustainable catalysis and 
gas (mainly H2 and CO2) separation.
As researchers, we strive to push forward the boundaries of scientific 
knowledge for the benefit of the society and, to this end, we must be aware 
of the need of extensive collaboration for progress and mutual enrichment. 
This book is one example, to which experienced and promising young re-
searchers have equally contributed to bringing you their knowledge and 
findings acquired over the years.
The history of catalysis dates back to the dawn of civilization, when al-
cohol started to be produced by fermentation. It was not until 1835 that 
Berzelius initiated systematic studies of catalysts. These studies started to 
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be implemented as industrial processes mainly at the end of the 19th cen-
tury. In the 1930s, Houdry developed the catalytic cracking of petroleum 
for Sun Oil and, in 1939, Chambers, Lewis and Gilliland, at MIT, worked 
out the basis of the fluid-bed reactor for the Catalytic Research Associates 
consortium (led by Standard Oil). In the 1950s, Milton and Breck discovered 
zeolites A, X and Y at Linde, Union Carbide. Zeolite A started to be used as 
an adsorbent, but it was not until the 1970s that Na-A zeolite was used in de-
tergents, replacing phosphate builders, thanks to scientists at Henkel, and 
Procter and Gamble. In the 1960s, zeolite X revolutionized cracking in the 
petroleum industry at Mobil Oil. This work on zeolites definitely spurred 
the development of metal-organic frameworks, which took off in the mid-
1990s after Kitagawa (Kyoto University) and Yaghi (University of California, 
Berkeley) observed permanent microporosity in metal-organic materials. 
Since those days, incredible progress has been made in both classes of ma-
terials. And their range of applications is being extended to undreamed-of 
levels, as this book manifests.
The proposal of a book targeting zeolites and metal-organic frameworks 
(MOFs) is interesting, as they share common features, which are also par-
alleled by remarkable differences. These are evidenced throughout the 
book. By addressing both materials in a synergic text, the reader will see 
opportunities for shifting and contributing to both fields of research, the 
commonalities and differences in terms of concepts, synthesis, characteri-
zation, properties, and applications.
In this sense, the book does a remarkable job. It is a book coordinated by, 
written by, and designed for young scholars and researchers, ranging from 
those in undergraduate and graduate university courses to PhDs and ear-
ly-stage researchers. Moreover, the book provides an overview wide enough 
for most professionals to find it of interest and learn something new. It in-
cludes the participation of renowned experts and invited industry practi-
tioners, ensuring rigor and a balance between new research, progress in the 
field, and a didactic approach that only experience bestows. By the end of 
the book, the readers will be excellently equipped to delve further into oth-
er important topics such as electrocatalysis, photocatalysis or sensing. The 
same applies to important characterization techniques, such as solid-state 
nuclear magnetic resonance or X-ray photoelectron spectroscopy, to name 
but a couple.
In Chapter 1, Professors Valtchev and Mintova provide a knowledgeable 
introduction to zeolites and metal-organic frameworks – what they are, 
how they are classified, why they are so important –, as well as some other 
matters that are expanded on later in the book.
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Chapter 2 overviews the different synthesis methods available for zeo-
lites and metal-organic frameworks: from classical hydrothermal synthe-
ses to non-conventional sono- or mechanochemical methods in the case 
of zeolites. An interesting account of the knowledge on the crystallization 
mechanism of zeolites is also provided, which is one of the most complex 
and fundamental questions open to discussion in this field. The chapter 
also provides a brief presentation of some standard characterization meth-
ods of porous materials for phase identification and textural analysis.
Characterization is a topic of great importance in porous materials, as it 
bridges the knowledge gap between the preparation of the material and its 
performance in the real application. We can correlate this performance (for 
instance, in catalysis, adsorption, drug delivery, etc.) with properties of the 
material and then alter or tune the synthesis protocols to affect the prop-
erties in the desired manner. Based largely on the experience of Professor 
Daturi’s group in the last decades, Chapter 3 presents a general, infrared 
spectroscopy methodology to observe the potential active site directly or 
by adsorption of probe molecules, as well as several examples that illustrate 
the qualitative and quantitative analyses of the physicochemical vibration-
al properties of the entities on the surface of the material.
Having prepared and characterized the materials, the book moves on to 
present some relevant applications. Petroleum refining is the field which 
fostered the development of zeolites and the one in which they add the 
most value. Thus, Chapter 4 presents an industrial overview of the many oil 
& gas processes in which zeolites are involved. These include separation op-
erations, fluid catalytic cracking, hydrocracking, isomerization, alkylation of 
benzene, dewaxing, etc. However, the stability of metal-organic frameworks 
prevents their consideration for many of these processes, although the ex-
pert authors from CEPSA also identify some promising niches for MOFs.
Chapter 5 presents how zeolites and MOFs could contribute to the biore-
fineries of tomorrow, which would use renewable biomass residues as feed-
stocks instead of fossil resources. Many of these transformations are carried 
out in aqueous media, therefore the stability of both zeolites and MOFs is 
involved. Nevertheless, some of these materials turn out remarkably suit-
able, and great progress has been achieved in the conversion of cellulose, 
hemicellulose and lignin polymers present in biomass over some zeolites 
and MOFs. The platform molecules resulting from the refining could then 
be used by the chemical industry in other processes.
As a counterpoint to the previous chapters, in Chapter 6 zeolites and 
MOFs do not act as catalysts themselves but they are used to host enzymes, 
which are sophisticated biocatalysts developed by nature, fine-tuned by 
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the biotechnologists and protein engineers. The advantages of heteroge-
neization of catalysts into periodic structures also apply to biocatalysts. 
In this case, given the large molecular size of enzymes, the larger pores of 
MOFs are especially well suited. In addition to describing the immobiliza-
tion of important enzymes such as lipases and laccases, the authors, one of 
the leading groups in this field, also discuss the characterization techniques 
involved.
In Chapter 7, the applications of MOFs and zeolites as adsorbents are 
addressed. In addition to the design of materials, other strategies to adjust 
their behaviour as adsorbents are presented, such as ion exchange, post-syn-
thesis modification or, very promising for the case of MOFs, the presence 
of defects. An ample review of applications in both gas and liquid phases 
is presented, including research and uses as diverse as hydrogen storage, 
removal of heavy metal ions or radionuclides, and CO2 capture, which evi-
dence the possibilities for tailoring these materials to any objective.
Adsorption can be further improved by a suitable design of the materi-
al at the mesoscale. Membranes are a remarkable example of a technical 
presentation of zeolites and MOFs. Membranes hold promise to improve 
many industrial processes. For instance, separations could be carried out 
in a continuous steady operation and reactions could be performed with-
out worrying about equilibrium limitations and/or with higher selectivity, 
as highly pure products would be withdrawn as they form. In Chapter 8, 
Prof. Matsukata and his group expand on these ideas and tell us how mem-
branes are prepared, characterized and applied for separations, as well as 
the hard challenges in this field.
Adsorption and diffusion are key phenomena in porous materials. These 
are very suitable for study in computational chemistry experiments, and so 
are chemical reactions. Chapter 9 starts with the fundamentals of compu-
tational chemistry and the different methods available, which condition 
the level of exactness achievable and the computation time required. It 
teaches us how the computational models are designed and how the ex-
periments are run and exploited by means of algorithms, concluding with 
the results of applications to current questions.
Chapter 10 presents the state of the art of biomedical applications of 
zeolites and especially MOFs, a young but promising field, which includes 
their use in drug delivery, contrast agents, in diagnosis and therapy, as well 
as multifunctional materials for combination therapy.
The application of heterogeneous catalysts in the fine chemical indus-
try (pharmaceutical, cosmetic, phytosanitary, etc.) has been traditionally 
low. Their comparatively low production volumes allowed the generation 
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of high proportions of residues, which can no longer be tolerated in our 
current efforts for a sustainable industry. Nowadays, in addition to high 
product yields, chemo-, region- and stereoselectivity are the main goals in 
organic syntheses given the importance of avoiding by-products and addi-
tional purification steps. Thus, in Chapter 11 the applicability of zeolites and 
MOFs as catalysts for this industry is also demonstrated.
Lastly, in Chapter 12, Professor Falabella and his colleagues provide a 
commercially oriented, high-level overview of most applications of zeolites 
and MOFs, including adsorption, ion exchange, catalysis, composites and 
other devices. Importantly, they provide their knowledgeable forecast on 
the future of these materials in the coming years.
Overall, this book is a demonstration of liveliness in the world of ordered 
porous materials, in general, and of zeolites and MOFs, in particular, both 
showing ever-growing opportunities in traditional and in emerging fields 
of application. One can speculate whether our predecessors in the field 
would ever have dreamt of the extensive benefits that these materials have 
brought to the society. On the other hand, the book evidences, through all 
the contributors, that the next generations are going to be deserving suc-
cessors to face the major scientific challenges of the decades ahead. They 
will bring greater benefits to the society through ordered porous materials 
that we cannot even dream of today.

1.  Zeolites and MOFs? Dare to  
Know Them!
Valentin Valtchev and Svetlana Mintova
Laboratoire Catalyse et Spectrochimie, Normandie Univ- 
ENSICAEN-CNRS, 6 Bd Maréchal Juin, 14000 Caen, France.
Keywords: Zeolites, MOFs, porous materials, catalysis, separation
1.  Introduction
A porous material is a solid matter permeable to fluids due to the pres-
ence of pores. Behind this short definition are hidden thousands of porous 
solids with different pore characteristics, chemical natures and structures. 
Although not visible, the impact of porous solids on our lives is extremely 
large. It is difficult to conceive modern society without the extensive use of 
different types of porous solids for industrial and household needs.
The International Union of Pure and Applied Chemistry (IUPAC) di-
vides porous solids into three groups: microporous, with pore size below 
2 nm, mesoporous, with pores between 2 and 50 nm, and macroporous, with 
pores between 50 and 1000 nm [1]. This classification does not reflect the 
chemical nature and structural ordering of porous solids that have a great 
impact on their properties. In the present book two families of crystalline 
porous solids, zeolites and metal-organic frameworks (MOFs) are reviewed. 
While zeolites are classical microporous materials with pores below 2 nm 
and in most cases below 1 nm, some MOF materials exceed the micropore 
range. However, both classes of materials exhibit crystalline structures and 
thus pores with well-defined dimensions.
The porous materials first used by mankind were porous carbon and 
clay-type minerals. However, zeolites were the ones introduced on a large 
scale with highly technological processes. Among these processes we find 
fluid catalytic cracking (FCC) and hydrocracking processes, which convert 
heavy oil fractions to transportation fuels, as well as different separation 
processes like selective adsorption of aromatic isomers in petrochemistry. 
Zeolites have been the backbone of the petrochemical industry for over 
fifty years and their application as heterogeneous catalysts and separation 
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materials continue to expand [2,3]. Today, the application of crystalline 
microporous materials extends far beyond the petrochemical industry, 
including areas like optics, electronics, medical diagnosis and chemical 
sensing [4]. New technological challenges, governmental regulations and 
environmental issues require new materials that can perform better, faster 
and are environmentally friendly. Hence, the development of new materials 
in terms of structure types, framework compositions, size and morphology 
is a continuous task. A steady growth of new zeolite structures is discovered 
every year, and their number is already 233 [5].
The classical definition of zeolite, which reflects the particularities of 
zeolite minerals, is “a crystalline porous aluminosilicate built of adjacent 
SiO4 and AlO4 tetrahedra” [6]. The quest for porous solids with new 
properties resulted in materials virtually identical to zeolite minerals but 
with compositions substantially different from the natural counterparts. 
Starting in the sixties a new family of zeolite materials has been discovered 
almost every decade. The Si/Al ratio, which varies between 1 and 5 in natural 
zeolites, was extended to synthetic zeolites much richer in silica. The first 
high silica zeolite, named Beta, was synthesized in the late sixties [7], and 
in the seventies all-silica zeolite materials were produced [8]. The early 
eighties were marked by the discovery of aluminophosphate molecular 
sieves, which were the first silica-free zeolitic materials [9]. Zeolites 
exhibit well-defined pores, which for industrially relevant zeolites is below 
0.8 nm. This confers them shape selectivity, that is, the ability to select 
which molecules can be adsorbed or reacted inside their pores. However, 
a relatively small pore diameter is a drawback in the processing of bulky 
molecules, like those present in heavy oil fractions. The efforts of synthetic 
chemists to extend the pore dimension of zeolites led to a family of porous 
materials with pores larger than 2 nm, called ordered mesoporous materials 
(OMMs) [10]. Ordered mesoporous materials exhibit well-defined channels 
as their size can be varied between 2 and 50 nm [11,12]. However, the walls 
building the pore system are amorphous, which is the reason for a low acid 
strength compared to that of zeolites. Consequently, these materials did 
not fulfil the great expectations for processing heavy oil fractions.
The latest big family of crystalline porous solids, discovered in the late 
eighties are metal-organic framework materials (MOFs) [13]. A MOF frame-
work is built of metallic atoms connected by organic linkers. The flexibility 
available to build such structures is substantially higher than that for crys-
talline inorganic materials [14]. In just a decade thousands of MOFs were 
published in open literature. The absence of a strict classification makes 
the determination of their exact number difficult.
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The objective of this chapter is to introduce these two important families 
of crystalline porous solids: zeolites, which have been used in the chemical 
process industry for over fifty years, and MOFs, which are promising for 
applications that might be different from those typical of zeolite molecular 
sieves. More detail information of their properties and applications can be 
found in this book.
2.  Zeolites
A zeolite is formed under hydrothermal conditions from an alkali-rich 
aluminosilicate hydrogel system. In such a system, water is a major com-
ponent playing two roles, a reactant and reaction medium. The  alkaline 
aqueous solutions dissolve and transport material from the polymerized 
aluminoslilicate gel to growing crystals. The dissolution and transport 
of aluminosilicate precursors leads to supersaturation and nucleation 
in certain zones of the system [2,6]. Zeolite nucleation is a spontaneous 
process, which can be controlled to some extent under laboratory con-
ditions. For example, by controlling the number of nuclei in the system, 
the ultimate crystal size can be tuned (since, after exhausting the nu-
trient pool, crystal growth stops) [15]. The key parameters controlling 
zeolite formation are gel composition and crystallization temperature. 
The previous history of the reactants, their purity and their mixing may 
also influence the zeolite synthesis. The aging time of the precursor gel 
is another important parameter that appears critical for some types of 
zeolites. The crystallization temperatures vary between 80 and 180 °C, 
but syntheses at ambient conditions or at  temperature much higher 
than 180 °C are also reported [6]. The crystallization of different types 
of zeolites may last from several minutes to several weeks. The crystal-
lization time is important not only for obtaining a highly crystalline ze-
olite material but also to avoid the transformation of a desired product 
in another phase. Zeolites are metastable phases that may transform 
into more stable and denser crystals upon long contact with the mother 
liquor.
The general chemical composition of a zeolite is Me2/nO:Al2O3:xSiO2: 
yH2O, where Me is the metal cation (usually alkali or alkaline earth), n is the 
charge of the cation, and x and y depend on the zeolite type. The framework 
silicon/aluminum ratio (Si/Al) is always greater than 1 since Löwenstein’s 
rule prohibits two neighboring aluminum tetrahedra, i.e. Al-O-Al bonds are 
forbidden due to unfavourable electrostatic interactions [16].
16 VALentIn VALtCHeV AnD sVetLAnA MIntOVA
The network of pores and cavities in the zeolite framework is structured 
by templating species, which can be removed after the zeolite formation. 
In natural zeolites, the role of the template is played by alkali metal-water 
clusters. Barrer and Denny firstly introduced tetraalkylammonium cations 
in zeolite synthesis, which resulted in the formation of silica- richer zeo-
lites [17]. This approach was further extended to the synthesis of very high 
silica and all-silica zeolite structures [18]. Besides extending the Si/Al ratio 
to infinity, the use of organic templates provided more flexibility for the 
incorporation of transition metals in zeolite frameworks. Zeolites with cer-
tain amounts of framework Ti, B, P, Fe, Ga or Ge were obtained, and some 
of them, like Ti-silicate-1 (TS-1), attained great commercial success [19]. It is 
worth noting the impact of Ge on the synthesis of extra-large pore zeolites. 
Owing to the smaller angle of Si-O-Ge and Ge-O-Ge compared to Si-O-Si 
bonds, Ge-rich initial systems form small (four- and three-membered) ring 
units and thus zeolites with lower framework density. Some of these ma-
terials exhibited pores with size between 1 and 2 nm and bridged the gap 
between classical zeolites and mesoporous materials [20]. Unfortunately, 
none of these materials reached the stage of industrial use due to cost and 
thermal stability issues.
Zeolites are often conceptually classified by the units that compose the 
zeolite structure [5]. The so-called “secondary building units” (SBUs) are 
simple polyhedra that, arranged in different ways by symmetrical opera-
tions, result in the different framework types (Figure 1).
The number of T-atoms (that is, the atoms in “tetrahedral” coordina-
tion, namely Si and Al) forming a zeolite channel determine to a great ex-
tent the size of the pore opening, which is an important characteristic of 
Figure 1. schematic representation of the formation of zeolite building units and the resultant 
zeolite structures.
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microporous molecular sieves. Consequently, zeolites are classified accord-
ing to the number of T-atoms building the ring (n-MR):
• small pore zeolites: 8-MR, with diameters ca. 4 Å 
• medium pore zeolites: 10-MR, with diameters ca. 5.5 Å 
• large pore zeolites: 12-MR, with diameters ca. 7.5 Å 
• extra-large pore zeolites: >14-MR, with diameters over 8 Å 
The replacement of Si by Al in a zeolite structure introduces a negative 
charge on the framework, which is compensated by cations situated 
in the channels. These charge-balancing cations are exchangeable and 
extensively used to modify the properties of zeolites. The replacement 
of an alkali cation by proton (H+) converts a zeolite into a solid acid, 
which is largely exploited for preparation of heterogeneous catalysts. 
Ion exchange properties of zeolites are also intensively used for solving 
environmental issues, such as the capture of Cs+, Sr2+ or NH4
+, or the 
purification or softening of water for domestic, agriculture and industrial 
necessities.
Physicochemical properties of zeolites are addressed in a number of 
books and specialized reviews. The most important properties that make 
zeolites exceptional heterogeneous catalysts, molecular sieves and ion ex-
changers are mentioned next:
• Well-defined crystalline porous structure with variable dimensions, con-
nectivity and geometry of the pores [21]. The pore system of zeolites is 
the basis of shape selectivity in catalytic and separation processes. The 
zeolite channel system is able to separate molecules with differences 
smaller than 1 Å. The pore system of zeolites also determines:
○ The micropore volume (up to 0.35 cm3 g-1).
○ The specific surface area (up to 850 m2 g-1).
• Variable chemical composition. Zeolite chemistry can be tuned in very 
wide ranges, first by varying the Si/Al ratio from 1 to infinity and second 
by the incorporation of heteroatoms into the zeolite framework. The ion 
exchange properties of zeolites offer an additional level of flexibility in 
tuning zeolite chemistry. Important properties related to the chemical 
composition of zeolites are:
○ Chemical and thermal stability
○ Hydrophilic/hydrophobic interactions
○ Number, strength and distribution of Brønsted and Lewis acid sites
• Environmentally friendly materials.
18 VALentIn VALtCHeV AnD sVetLAnA MIntOVA
• Acid/base properties of zeolites combined with exceptional shape selec-
tivity, thermal and mechanical stability make zeolites ideal heterogeneous 
catalysts [22]. The catalytic application of zeolites is demonstrated in sever-
al chapters in this book. Shape selectivity and dipolar interactions between 
guest species and zeolite structures are the basis of the wide use of zeolite 
as adsorption and separation materials. These applications strongly depend 
on the pore characteristics, the nature of the charge-balancing cations and 
on the hydrophobic/hydrophilic character of the zeolite framework [23]. 
It is worth noting that zeolite applications are not limited to large-scale 
chemical processes. Recently zeolitic materials have also been used in 
electronic, optical and medical applications [24].
3. Metal-organic Frameworks
Metal-organic frameworks are hybrid crystalline porous materials with 
frameworks consisting of inorganic building units (metal ions or clusters) 
and organic linkers connected by coordination bonds of moderate strength 
(Figure 2) [25]. The metal ions employed in the synthesis of MOFs could 
be mono (Cu), bi (Zn, Mn, Co, Cu), tri (Cr, Fe, Al) and tetravalent (Zr). 
More complex clusters such as Cr3O(H2O)3(COO)6, Zr6O4(OH)10(H2O)6 
(COO)6, Zn4O(COO)6 or Cu2(COO)4 are also used [26]. There are different 
approaches for the synthesis of stable MOFs, including modulated 
synthesis, isoreticular expansion and topology-guided design [27]. The 
Figure 2. schematic representation of the formation of a MOF structure.
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presence of diverse inorganic and organic components in MOFs provides a 
large number of structures with various properties, which will be described 
briefly following the sequence followed above for zeolites.
The crystalline nature of MOF materials permits a precise structural 
determination by classical experimental methods such as XRD, TEM and 
spectroscopic techniques such as NMR, UV-vis and Raman. In addition, 
computational chemistry is widely applied to predict new materials [28]. In 
general, MOFs exhibit much lower framework density than zeolites, which 
can be as low as 0.13 g cm−3. Consequently, some MOF materials exhibit 
90 % free volume and specific surface areas up to 7000 m2 g−1.
The stability of any crystalline material is defined as the resistance of the 
structure to degradation upon heating, cooling or exposure to chemically 
aggressive environments. The stability of MOFs is governed by multiple 
factors, including pKa of ligands, oxidation state, reduction potential and 
ionic radius of the metal ions, metal-ligand coordination geometry, and 
hydrophobicity of the structure [29]. The chemical weak spot of MOFs is 
usually the metal-linker bond that hydrolyses in aqueous medium, yielding 
a protonated linker and a de-ligated inorganic moiety. Many examples have 
demonstrated that both acidic and basic solutions accelerate the dissolu-
tion of MOF structures.
Although the general perception is that the stability of MOFs is 
limited, there are examples of fairly stable structures. For instance zeolitic 
imidazolate frameworks (ZIFs), metal-azolate (MAF, ZIF-57), and ‘zeolite-
like MOFs’ (ZMOFs) combining azolate and carboxylate coordination 
capabilities on a single linker show substantially improved chemical and 
hydrothermal stability [30–32]. ZIF-8 is one of the materials exhibiting 
a high hydrothermal stability due to the fact that its pore apertures lack 
polar groups and, thus, the material is hydrophobic. MIL-type MOFs are 
based on trivalent metals (Cr, Al, Fe) or lanthanides (Eu, Tb, Y), which 
form strong bonds with oxygen-anion-terminated linkers and exhibit high 
chemical stability [33,34]. The hydrothermal stability of various MOFs 
under steaming at different pressures and temperatures was studied. The 
most stable under hydrothermal conditions MOFs are zirconium-based 
UiO-66, MIL-14 and hydrophobic ZIFs [35]. The mechanical stability 
of MOFs has been found to depend on the valence of the inorganic 
component and on there structural features. For example, MOFs based on 
divalent metals have higher mechanical stability as a result of the high 
strength of their inorganic-linker bond and are therefore more resistant to 
crystal deformation and damage [36].
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MOF materials have a number of exceptional properties that make them 
very promising for future applications in fields where high specific surface 
area and pore volume are required. In addition, an exceptionally high pore 
volume and specific surface area combined with a diverse surface chemis-
try, might extend the application of porous materials beyond that of zeo-
lites. At present, however, the applications considered for MOFs are mainly 
conceptual because their performance has only been assessed under ideal 
conditions and collected data is not sufficient to ensure an economically 
successful application.
MOFs exhibit isolated, well-defined active sites including open metal 
sites, metalloporphyrins and reactive functional (inorganic or organic) 
groups, which can serve different types of reactions. Consequently, MOFs 
have been intensively studied as heterogeneous catalysts. Although 
there has been no breakthrough resulting from MOF catalysis so far, 
a number of examples demonstrate the potential of these materials. 
The vanadium-based MOFs (MIL-47, MOF-48) have been shown to be 
stable, catalytically active and highly selective in the conversion of CH4 
and CO to acetic acid [37]. Another example is the Ce4+-driven water 
oxidation reactions catalysed by MOF [38]. Gas-phase catalysis with 
MOFs materials has been studied as well [39]. An important prospective 
of MOFs was recently reviewed, in which several single-site catalytic 
functions can be combined within the framework and used as powerful 
enzyme-mimicking materials [40].
Certain MOF materials are exceptional adsorbents in terms of the avail-
able pore volume [41]. Water-stable MOFs could possibly be applied to 
effectively uptake gases under moist conditions. There are an increasing 
number of studies on the use of stable MOFs for wastewater remediation. 
Targeted compounds in water systems include SOx, NOx, greenhouse gases, 
VOCs, dyes, drugs, pharmaceuticals, organic chemicals, metal ions, etc. 
Experimental results have revealed that MOFs have been efficient in ad-
sorbing toxic gases under dry conditions but their adsorption ability was 
reduced in a humid atmosphere due to the competitive adsorption of 
water. One exception is NH3, where the decrease in adsorption capacity was 
negligible, suggesting that ammonia could be removed by a MOF sorbent 
under both dry and humid conditions. MOFs have also been extensively 
studied for the past decade as promising hydrogen storage materials [42]. 
However, many technical problems still remain to be encountered in order 
to reach practical application.
Water-stable MOFs are extensively employed in membrane separa-
tion applications, such as pervaporation, steam separation, desalination, 
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and wastewater treatment. Whether MOFs can fully maintain their func-
tions and structure across multi-cycle applications remains a question-
able challenge.
Potential applications of MOFs as chemical sensors and adsorbents for 
the detection and removal of heavy-metal ions have been envisaged [43]. 
The wide variety of organic linkers and metal nodes that can be incorpo-
rated into MOFs could be selected in a way to increase the sensitivity and 
selectivity towards particular analytes. MOFs could be used as a functional 
sensing element or as an auxiliary filtering element, while the real-time gas 
sensing response could be monitored through various methods. For exam-
ple, electrical property-based sensors were used to monitor the adsorption 
of analytes within the pores by measuring changes in the conductivity, 
impedance or resistance of the sensing material. The potential of MOFs in 
this field is fairly high since the stability of the materials is not a primary 
concern.
MOFs have also been targeted for biological applications mainly for the 
controlled delivery of active ingredients. The requirements for MOFs in 
this field are not only relevant functionalities but also good biocompatibil-
ity and degradation under physiological conditions, as they might lead to 
potential toxicity issues. Considering that a large number of therapeutic 
molecules possess polycomplex groups in their structure, there are con-
tinuous efforts to use active ingredients for the construction of bio-MOFs 
[44]. Although significant progress has been made in the preparation of 
bio-MOFs, the possible bio-related application is still in its infancy.
4.  Summary and outlook
Zeolites and metal-organic frameworks, two important families of crys-
talline molecular sieve materials, were reviewed, introducing information 
on the preparation, physicochemical properties and applications that are 
expanded on later in this book. The two families exhibit a multitude of 
similarities, like crystalline structure and well-defined pore system, surface 
functionality and chemical reactivity. On the other hand, the two families 
differ substantially in terms of chemical nature, pore size and available 
pore volume, thermal and chemical stability.
Zeolites are inorganic materials with robust frameworks that withstand 
elevated temperatures and harsh chemical environments. Owing to their 
high stability, strong acid/base properties and exceptional selectivity, 
aluminosilicate zeolites are the most successful catalysts in the chemical 
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process industry. Zeolite molecular sieves have been actively used more 
than half a century and new processes based on these exceptional 
materials continue to be reported. On the other hand, the pore size, 
volume, and specific surface area of zeolites are substantially lower than 
that of MOF molecular sieves. The latter exhibit much higher available 
pore volume and often much larger (meso)pores. The surface chemistry 
of MOFs can be modulated by in situ or post-synthesis methods and thus 
adapted to different applications. In the last two decades, MOFs have been 
the most actively studied family of porous materials and great advances 
in their preparation, modification and stability have been achieved. It 
seems, however, that MOF molecular sieves cannot afford the industrial 
requirements of stability, long lifetime and moderate production cost, yet. 
Thus, zeolites remain unbeatable as heterogeneous catalysts, adsorbents 
and ion exchangers. Nevertheless, MOF materials will certainly be used in 
the future, most probably in areas where they don’t compete with zeolites 
in terms of stability and production price. The fact that these promising 
porous materials are still not industrially employed may lie in the traditional 
thinking of applied chemists, which is always biased towards applications 
where zeolites already have commercial success. We believe that it will not 
be long until the first industrial use of a MOF material is reported.
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1.  Introduction
Conceptually, there are no important differences between classical inor-
ganic porous solids as zeolites and hybrid porous solids as metal-organic 
frameworks (MOFs) [1]. Based only on their porosity, both groups are po-
rous solids with modular structure offering important structural diversity 
and, even more importantly, the possibility to synthesize them on-demand, 
with tailored properties for targeted applications. The difference between 
them lies in the units composing the structure, only inorganic for the case 
of zeolites, and of hybrid inorganic-organic nature for MOFs. Although 
MOFs are often considered hybrid materials mimicking zeolites, in the last 
decade they started to surpass the versatility of purely inorganic zeolites, 
also benefiting from permanent porosity. MOFs outstand by their large 
surface area and by the wide assortment of pore sizes and pore specific 
volumes that can be synthesized, both converting these materials in prom-
ising alternative to the zeolites even in their traditional fields of application 
such as gas separation and purification.
Both materials, by virtue of their structure (i.e. porosity, surface area, 
pore shape and functionalities), have found useful applications in almost 
all fields of human life where chemical, biochemical or physicochemical 
processes take place. They are used for the purification of gases or liquid 
mixtures by sorption, sieving, and filtering. More specifically, zeolites are 
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used as ion exchangers (they have replaced polyphosphates as water soft-
eners for laundry purposes), as catalysts in refining and petrochemistry or, 
more recently, for the synthesis of fine chemicals [2–5]. MOFs are used for 
the production of optically and magnetically active materials, drug deliv-
ery, proton conduction, fine chemistry and catalysis, etc. [6–9]. Some of 
these applications are discussed in detail in subsequent chapters of this 
book.
As far as synthesis is concerned, synthetic strategies should be easy to 
apply, simple to reproduce and based on a careful choice of parameters 
that influence the structure of the material and its properties. Although 
zeolites can be found in nature, nowadays many zeolites are synthesized in 
laboratories without having a known natural counterpart. Today, more than 
230 different zeolites are known and classified according to their structural 
parameters. By contrast, MOF materials are all synthetic, and more than 
50,000 structures are registered in the Cambridge Crystal Database [10]. 
In general, the synthetic strategies concerning zeolites are based on mim-
icking the conditions under which natural zeolites of volcanic origin are 
presumably formed, i.e. under elevated temperatures, high salt concentra-
tions and autogenous pressure in hydrothermal conditions [11]. The diver-
sity of existing MOF structures, on the other hand, suggests a wider variety 
of preparation methods. However, as will be discussed later, the majority 
of synthetic strategies are based on precipitating the solid from solution. 
Hence, the aim of this chapter is to survey the synthetic strategies for zeo-
lites and MOFs. This will be accompanied by some examples selected from 
the most known and used materials of each class. Finally, a brief descrip-
tion of some routine characterization methods applicable to zeolite and 
MOF materials after their synthesis is presented.
2.  Zeolites
2.1.  Structure and nomenclature
Zeolites are crystalline aluminosilicates belonging to the group of tecto-
silicate molecular sieves. They are porous solids with ordered, intercon-
nected microporous channels with diameters ranging from 0.2 to 2 nm, 
corresponding to the size of many organic molecules. They possess a 
well-defined three-dimensional porous structure arising from a frame-
work of [SiO4]
4- and [AlO4]
5- tetrahedra (TO4, where T represents Si or Al) 
linked together by all their corners, as depicted in Figure 1 a). These primary 
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building units (PBU) or blocks are assembled so that each O is shared by 
two identical tetrahedra, thus creating a lattice made by identical build-
ing blocks, which extends infinitely as it is the case in all crystalline ma-
terials. A structure directing agent (named X in Figure 1) is usually used to 
guide the self- assembly of SiO4 (red) and AlO4 (blue) units. The nature of 
X depends on the zeolite that we aim to prepare and on the synthesis con-
ditions, and can be of organic (amine, alkylammonium or phosphonium 
ions) or inorganic (Na+).
Each Si ion has its 4+ charge balanced by the four surrounding O (each 
with a 2– charge), so the silica tetrahedron in the lattice is electrically neu-
tral. Since the trivalent Al is also bonded to four shared oxygen anions, the 
residual charge on each AlO4 unit is 1–. Therefore, each alumina tetrahe-
dron requires a 1+ charge from a cation (mono- or divalent) located into the 
channels or cavities in order to keep the electrical neutrality throughout 
the structure. After the synthesis of the zeolites these cations are usually 
sodium or ammonium, but they can be readily replaced by ion exchange. 
In addition, water molecules are present in the void volume of the cavities 
and channels.
The unit cell formula of zeolites is usually written as:
M AlO SiO zH O[( ) ( ) ]x n x y/ 2 2 2
where M represents the cation (alkali or alkaline earth metal) counter- 
balancing the negative charge associated with the framework aluminium 
ions, n is the charge of the cation, x is the number of Al per unit cell, y rep-
resents the number of Si, and z is the number of water molecules entrapped 
Figure 1. a) tO4 tetrahedra linked together to generate the 3D structure. b) Main secondary Building 
Units (sBUs).
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(physisorbed) in the channel system. The Si/Al mole ratio is always larger 
than (or equal to) one, since a direct linkage between two AlO4 entities is 
forbidden, according to Löwenstein’s rule [12].
The tetrahedral PBUs are combined in a more sophisticated way to gen-
erate repeating structural sub-units. These recurring units are called sec-
ondary building units (SBUs). The system of SBUs is quite simple and was 
therefore adopted as a convenient way for zeolite classification. Figure 1 b) 
represents sixteen SBUs that actually describe most of known zeolite struc-
tures. These SBUs only reflect the aluminosilicate skeleton (i.e. the relative 
positions of Si, Al, and O in space) but exclude the consideration of the 
cations and water moieties present within the cavities and channels. When 
SBUs are joined to form infinite lattices, they can define larger rings, con-
taining 6, 8, 10, 12 and up to 20 linked tetrahedra (rings of T atoms).
The International Zeolite Association (IZA) adopted a classification 
in which it was assumed that all known frameworks could be described 
by a combination of one or more SBUs [13–14]. According to the IUPAC, 
the structure type codes of zeolites consist of three capital letters derived 
from their original names [15]. These codes have been developed to create 
a short nomenclature that does not depend on the composition, nature of 
T-atoms, cell dimensions, or symmetry.
Additionally, zeolites can also be classified according to the size of their 
pores [16]:
• small pores: six- or eight-membered ring pores (6 to 8 T-atoms) having a 
pore diameter between 3–4.5 Å (LTA zeolite)
• medium pores: ten-membered ring pores, diameter between 4.5–6 Å 
(such as ZSM-5 or ZSM-11, where ZSM stands for Zeolite Socony Mobil)
• large pores: twelve-membered ring or larger pores, diameter between 
8 and 20 Å (BEA, Cloverite)
Pore systems may differ considerably between zeolites, depending on the 
presence of interconnections between the different pore types that may be 
found in a single structure, ranging from parallel and independent in LTL 
zeolite (12-membered rings), to 3D interconnected cage systems, as in FAU 
(12-membered rings).
2.2.  Synthesis of zeolites
Systematic synthesis of zeolites started with the pioneering work of Bar-
rer and Milton in the 1950s. Despite hundreds of patents and many papers 
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published in this field during the last decades, the number of  zeolite struc-
tures actually known remains low compared to the  several million (poten-
tially) stable zeolite structures predicted by  computers [17].
Zeolites are traditionally prepared via sol-gel hydrothermal synthesis un-
der autogenous pressure. The chemical sources and their function during 
the synthesis are listed in Table 1.
The main point of zeolite synthesis is its crystallization from an inhomo-
geneous gel formed from silica and alumina sources, which were combined 
with water under high pH conditions generated by OH- ions. Many param-
eters need to be controlled, which render the understanding of the zeolite 
growth mechanisms and crystallization control relatively complex [16].
Little variations of the zeolite synthetic procedures are observed during 
the last 50 years and all are based on sol-gel hydrothermal syntheses. The 
application of microwave heating or sonochemistry influences the tem-
perature, time and synthesis duration, although the zeolite formation still 
occurs under traditional hydrothermal conditions.
SiO2 and AlO2 sources
The silica source is a key parameter, as its dissolution may favour crystalli-
zation towards a particular zeolite type. Soluble silicates and their hydrates 
are widely used, as they can exist in a monomeric form to establish Si-O-Al 
or Si-O-Si associations [18].
The aluminium source is not so crucial, and most of the laboratories use 
metal aluminates, commonly sodium aluminate. Zeolite formation is en-
hanced by the presence of [Al(OH)4]
- moieties at pH >10.
Alkali cations and templates
The alkali cation acts as a core around which the silica structure is built up. 
It also interferes in SiO2 polymerization. The template or, more correctly, 
table 1. Chemical Ingredients Involved In the Zeolite synthesis.
Source Function
siO2 Building the primary units of the framework
AlO2
- Creating the negative charge
OH-, F- Mineralizer
Alkali cation: na+, K+ Compensating the charge while avoiding si polymerization
template: tPA+, teA+ Directing crystallization
Water solvent, guest molecule
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the structure-directing agent (SDA), is usually an organic cation contain-
ing a functional group able to bind with silicate and aluminate species. 
The synthesis of “high-silica” zeolites usually requires the presence of an 
organic structure-directing agent to achieve the desired structure. For ex-
ample, a wide range of templates can be used to synthesize ZSM-5 zeolite 
(Table 2).
The template is believed to have two functions when directing the syn-
thesis. Firstly, it promotes the formation of the desired building blocks in 
the gel. Secondly, it acts as a hydrophobic pore filler, preventing the disso-
lution and recrystallization of the crystals already formed. In the case of al-
kylamine salts, the template must be removed after synthesis via Hofmann 
elimination by calcination at high temperatures (>500 °C).
Figure 2 presents the mechanism of auto-assembly that occurs through 
van der Waals, hydrogen-bond, and ionic interactions between the hydro-
phobic silicate species and the template [19,20]. The driving force of the 
process is the replacement of water molecules by Si and Al moieties around 
the organic cation. This mechanism is quite different from any mechanism 
encountered in classical organic chemistry, since no other reactants and 
other pathways are available to reach the desired product. The structure- 
directing agent acts as a template for the zeolite cavities and can be chosen 
to tailor the pore openings.
In addition to the SDA, co-templates can also be added in the synthe-
sis. One remarkable example is the synthesis of mesoporous LTA zeolite 
by Choi et al. [21] with the incorporation of a surfactant in the synthe-
sis gel. Sophisticated morphologies have also been obtained by Valtchev 
et al. [22], who added a leaf of Equisetum arvense to the gel, thus enabling 
replication of the plant’s surface morphology. Likewise, sugar cane bagasse 
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residues were successfully used to produce MFI zeolite crystals exhibiting a 
nano-“French fries” morphology [23].
OH-
Since the pH is often higher than 10, hydroxyl anions act as the mineralizer, a 
nucleophile that influences the crystallization time. In general, crystallization 
Figure 2. Mechanism of structure-directing action and crystal growth involving combined 
 inorganic-organic species in ZsM-5 zeolite synthesis reprinted with permission from [19]. 
 Copyright 1995 American Chemical society.
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of zeolites happens from an inhomogeneous hydrogel, formed by the T-sources 
(Si and Al), the mineralizing agent, and the SDA via a supersaturated solu-
tion, favouring the nucleation of initial nuclei that then grow to form larger 
crystallites [24]. Once, the concentration shifts below the supersaturation 
limit, no new nuclei are formed and the present crystallites continue to grow 
as long as T-sources are available. It is important to note that complex 
dissolution-recrystallization processes occur parallel to crystal growth [25].
Fluoride media
F- ions can be used instead of OH- anions as the mineralizer and it thus be-
comes possible to synthesize zeolites at pH values in the acidic range [26–32]. 
These conditions are particularly appropriate for the synthesis of high-silica 
materials. The fluoride route is the best strategy to produce highly crystalline 
materials exempt from defects [32]. The crystallinity of the materials pro-
duced in fluoride media is generally higher than that for materials obtained 
by the hydroxyl-mediated route. In addition, [F]-ZSM-5 zeolites exhibit a reg-
ular and narrow crystal size distribution in the 1 to 100 μm range. This larg-
er crystal size as compared to that arising in the alkaline route is due to the 
growth in a less supersaturated solution. Here, fewer metastable phases are 
formed, which implies a certain ease of preparation of the desired zeolite.
Another important advantage is the direct formation of the ammonium form 
NH4-ZSM-5 form, rather than Na-ZSM-5, which has to be subjected to repeated 
ion-exchange steps. In this procedure, a single calcination step is needed to burn 
the template and to generate the catalytically active acidic H-ZSM-5 form.
This “unconventional” procedure also offers the possibility for an incor-
poration of doping elements such as Fe3+, Co2+ or lanthanides, which are 
sparingly soluble in alkaline media.
Reaction variables: concentration, temperature, pressure and time
Not only the presence of all components in the reaction mixture is  important, 
but also their relative proportion. A required Si/Al zeolite composition can 
be obtained only by using an appropriate template and/or an adequate OH-/
SiO2 ratio. If the latter increases, more silicate remains in solution and lower 
Si/Al products are formed. Additionally, the H2O/SiO2 ratio impacts the for-
mation of any zeolite structure, affecting the degree of polymerization. The 
proper combination of all these parameters is not trivial [25,33]. Figure 3 
shows a typical phase transition diagram as a function of  composition.
Several studies highlighted the influence of synthesis duration and tem-
perature over the metastability of the zeolites [34,35]. Zeolites crystallize 
from alkaline aqueous gels at temperatures ranging from room temperature 
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to 300 °C. Therefore, the syntheses are most often conducted in sealed ves-
sels under autogenous pressure, i.e. that generated by the vapour phase 
when the temperature is raised.
Time is another key variable. It is important in two ways: i) an induc-
tion period during which the mixture is held at ambient temperature (gel 
ageing) favours the synthesis yield, ii) in some cases, different metastable 
structures can be formed depending on time (e.g. Mordenite vs. analcime). 
Ostwald’s law states that transformations have to occur in the direction of 
more highly stabilized phases [36].
Despite a long debate regarding the mechanism(s) of crystallization, sig-
nificant advances have been achieved, thanks to contributions like those 
of Valtchev and Mintova [16,37–39]. On a general consensus, zeolites are 
synthesized from aluminosilicate gels in which structural and chemical re-
arrangements occur, allowing (under suitable conditions) nucleation and 
crystallization into highly organized structures [16,40].
A typical S-shaped curve usually is observed when plotting the yield of 
crystalline material against synthesis time [36]. When the synthesis  mixture 
reaches the temperature necessary for zeolite formation, crystallization 
can only be expected after an induction period during which nucleation 
occurs. In fact, the state of nucleating solutions at times prior to the devel-
opment of periodicity has become accessible by spectroscopic techniques 
such as NMR and X-ray scattering [40–42]. It was shown that at this stage, 
the SBUs later forming the crystal still are species in solution [43]. The gel 
Figure 3 .typical zeolite crystallization domain showing the phases formed from gels with different 
composition at a given temperature and synthesis time reprinted with permission from [25]. 
 Copyright 2013 American Chemical society.
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and the species in solution thus continuously rearrange, changing phases 
from monomers to clusters of silicates and aluminosilicates. These clusters 
form and disappear by condensation and hydrolysis under the influence of 
temperature. In this re-organization process some particles become stable 
and small nuclei (in the nanometer range) are formed before crystallization 
(and crystal growth) can start. All these features suggest that crystal growth 
is preceded by a slow nucleation step initiated by local concentration fluc-
tuations inside the mixture and followed by a spontaneous growth of nuclei 
exceeding a critical size [40]. Pope has explained this phenomenon in terms 
of a decrease in the Gibbs free energy, which favours crystal growth [44].
According to Ostwald’s law of successive transformations, the first product 
to appear in the course of a zeolite synthesis may not be the more stable [37]. In 
other words, a non-stable system does not necessarily transform into the most 
stable state but rather into one close to its own, and so on. It means that in 
zeolite synthesis, a series of kinetic products may form as transient meta-stable 
phases, prior to the formation of the most stable thermodynamic product [45]. 
The corollary is that a minor modification in the gel, which represents a large 
panel of variables, may allow shifting from one structure to another. Likewise, 
the possibilities for tailoring any zeolite intrinsic properties are nearly infinite, 
since the set of synthesis parameters is wide [46]. Quite often, a “seeding” tech-
nique is applied to guide the crystallization towards the desired material, i.e. a 
few milligram of the desired zeolite are added to the synthesis mixture.
The synthesis of a zeolite occurs through weak and strong interactions 
between building units, forming covalently bonded framework stabilized 
by extra-framework species. The mineralizer and the organic template (and 
co-template) play a role in determining the size of the precursor particles 
in the gel. Subotic et al. [47–51] have demonstrated that different kinds of 
solid particles were present in the hydrogel before and after hydrothermal 
treatment: aggregates of amorphous gel particles, partially ordered parti-
cles, aggregates of fully ordered particles. During the initial (alumino) silica 
polymerization stages, small randomly aggregated gel particles were shown 
to form [16]. The composition of the gel particles approaches the stoichio-
metric zeolite composition once a chemical equilibrium between solid 
and liquid phases achieved. In summary, the zeolite organization proceeds 
through: i) formation of primary units (precursor species), ii) aggregation 
of those species and their densification resulting in amorphous particles, 
whose size and morphology are indicative for the preparation of zeolites 
with similar properties, iii) further nucleation occurs on the amorphous 
particles and the crystal growth continues within the particles followed 
by the addition of primary units (or aggregation of nanoparticles) to the 
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growing crystal with time. Figure 4 provides a schematic overview of an 
aggregation mechanism inspired by Davis’ studies [52]. SEM images of a 
homemade zeolite illustrates suggestions from Mintova and Davis [16,52].
In view of the numerous structures, compositions and synthesis con-
ditions that may exist, a universal mechanism that can explain all zeolite 
crystallization modes does not exist. Whilst a solution-mediated process 
has been discussed for many years, the existence of solid-solid transforma-
tions in the gel represents nowadays a well-established route. Still a proper 
control of the structure at the nanoscale remains the key for tailoring zeo-
lite properties and structure at the molecular and microscopic levels.
3.  Metal-organic frameworks
3.1.  Structure and nomenclature
In the development of the metal-organic frameworks the know-how gained 
from zeolites served, with no doubt, as inspiration. Since the discovery of ze-
olites, and especially since the mastery of their synthesis and application in 
shape selective catalysis, chemists dream of well-defined porous structures. 
This quest led to a constant emergence of novel materials with potential cat-
alytic applications and other fields of porous materials evolved, such as meso-
porous materials, hierarchical systems, and metal-organic-frameworks (MOFs).
Figure 4. scheme of an aggregation mechanism for zeolite crystal growth (top) illustrated by a 
homemade zeolite synthesis (bottom).
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Metal-organic frameworks, also called coordination polymers (CPs), are 
a type of hybrid organic-inorganic solid built up by an extended network 
of metal ions (or clusters) coordinated to multidentate organic molecules. 
This definition englobes materials with different crystallinity, chemical 
nature and porosity [8]. As for zeolites, metal-organic components form 
extended 3D-skeletons by association of secondary building units (SBU). 
Whereas zeolites contained only inorganic parts (namely SiO4 and AlO4 
tetrahedra), a MOF SBU contains organic linkers bonded to a metal centre 
through covalent bonds. Figure 5 present some examples of MOF SBU.
The abbreviation MOF is used as a general term of this class of compounds, 
although it also designates a subclass of different compounds when combined 
with a number (MOF-74, MOF-101, MOF-177, etc.). Analogously to zeolites, ex-
isting MOFs are grouped in families of compounds, designated by a name and 
a number. The families are organized either by similarity in structure and sym-
metry, like IRMOFs (IsoReticular Metal- Organic Frameworks) and F-MOF-1 
(Fluorinated Metal-Organic Frameworks), by similarity to zeolite topology, like 
Figure 5. Lattice structures (middle) and corresponding sBUs (metal nodes (left), and organic linkers 
(right) of some MOFs. Atom definition: blue – metal, red – oxygen, purple – nitrogen, grey – carbon, 
green – chlorine). [53] – Published by the royal society of Chemistry.
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ZIF (Zeolite Imidazole Framework), or by abbreviations corresponding to the 
place of their discovery, like MIL-53, MIL-101 (Materials of Institute Lavoisier) or 
HKUST (Honk Kong University of Science and Technology).
MOFs are generally sought for their porosity, therefore, the type and 
size of the SBU employed is the predominant parameter to be controlled. 
The openness of the framework is ensured by the use of organic ligands 
that confer a rigidity and allow the control of the pores such that “the larg-
er the brick, the larger the pores” [1] as illustrated in Figure 6. However, 
Figure 6. single network units for compounds 1–5. the yellow polyhedral represent the zinc ions. 
Carbon: gray. Oxygen: red. nitrogen: blue. reprinted from ref [56] with permission. Copyright 2005 
American Chemical society.
38 L. MArCeLA MArtÍneZ t. et AL.
large organic linkers could weaken the structure or diminish its porosity 
through lattice self-interpenetration [54,55]. To palliate those problems the 
employed synthetic procedure plays a key role.
3.2.  Synthesis of MOFs
The different preparation methods available for MOFs can be divided into 
two groups: traditional synthesis, usually referring to classical precipitation 
and hydro/solvothermal method, and non-traditional methods, including 
microwave and ultrasound-assisted syntheses, mechanochemical and mi-
croemulsion methods.
Traditional methods
The precipitation from solution, also called one-pot, occurs at room tem-
perature or upon heating from the mixture of metallic precursor and 
 organic linkers in adequate solvent at pH and saturation concentrations 
adequate for MOF precipitation.
The easiest synthetic approach is performed at ambient pressure and 
temperature, although it sometimes results in poor crystallinity and re-
producibility. Nevertheless, it has the advantage of allowing rapid MOF 
 isolation and avoiding energy consumption. Almost all existing MOFs 
structures are prepared at least once using this method.
The second method in this group, the solvothermal method, has simi-
lar parameters to those in the sol-gel hydrothermal synthesis of zeolites. It 
implies the use of solvent above its normal boiling point in a hermetically 
sealed chemical reactor. The method results in high product yields and crys-
tallinity and surpasses by far the reproducibility of the one-pot synthesis. 
Similarly to zeolite synthesis, a successful application of the solvothermal 
method to the MOF synthesis depends on reaction variables (temperature, 
time…), concentration and solubility of the precursor in the solvent, etc. 
The framework’s self-assembly is greatly influenced by the characteristics 
of organic ligand, the coordination nature of the metal ions and the be-
haviour of the solvent, the pH of the solution, and by the presence or not 
of the template.
Unlike zeolite synthesis in which a directing agent is usually added to the 
precursors mixture, in the solvothermal approach this role can be assumed 
directly by the solvent. The organic molecules present in the synthesis 
(solvents, pH controllers like amines, templates if any, etc.) can play differ-
ent roles in the MOF structure formation: i) as a solvent or deprotonation 
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agent, ii) as a template (with a functions similar to the zeolite templates), 
and iii) as a coordinating ligand to the metal ion [57]. Not only the crystal-
linity but also the type of structure obtained can be influenced by changing 
the operational parameters, like temperature and duration. The latter is 
considered to be a disadvantage of the traditional methods of synthesis, in 
which several days are sometimes necessary to achieve acceptable product 
qualities. Long synthesis duration also involves higher expense, since high-
ly energy-consuming processes and equipment (pressure-sealed vessels) 
are required.
Microwave- and ultrasound-assisted processes
Though quite different in nature, both methods provide ways to ac-
celerate MOF’s formation rate in comparison to traditional methods. 
 Microwave (MW) heating offers a reduction of the synthesis duration by 
increasing the efficiency of heating. It has been reported that MW heat-
ing provides energy to overcome the activation energy barrier for the 
framework assembling. MW also influences the metastability of the sys-
tem and its reactivity in a way that, the less stable the system, the higher 
the reactivity of the components and the faster the rate of MOF forma-
tion [58]. For example, Zou et al. [59] reported an unusually short time 
for HKUST-1synthesis by microwave irradiation (20 minutes rather than 
8 hours in traditional hydrothermal synthesis), which was due to a faster 
nucleation rate rather than faster crystal growth. Schlesinger et al. [60] 
evaluated several synthetic methods for [Cu2(btc)3(H2O)3] and [Cu2(btc)
(OH)(H2O)] formation. The microwave-assisted solvothermal method 
was the fastest one for pure [Cu3(btc)2] with high BET surface area and 
specific pore volume when DMF was used as the solvent. The choice of 
solvent is probably the most important variable to be controlled in this 
method. The solvent should absorb the microwave radiation and convert 
it to heat unless a metastable point of the system can be achieved at near 
ambient temperature.
Microwave-assisted MOF synthesis is considered a very simple and 
 energy-efficient strategy to obtain these materials. It is easy to control, 
 reduces crystallization times and increases the yield to solids. This method 
also promotes nanocrystals formation through a rapid and uniform nucle-
ation, which is a consequence of the formation of local hot-spots and a fast 
heat transfer within the reaction media [61].
The ultrasound-assisted process (sonochemical synthesis), on the other 
hand, increases the area of contact between the reactants and, as a conse-
quence, increases the rate of nucleation and crystal formation. In addition, 
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the release of air bubbles formed by the decrease of the pressure in the 
liquid under condition of acoustic wave propagation disintegrates the par-
ticle agglomerates and results in an homogeneous particle size produced 
in short reaction times. Armstrong et al. [62] studied the crystallization 
mechanism of HKUST-1 under sonochemical conditions and found that 
crystallization initiates in spontaneous super-saturation points along the 
shockwaves generated by the implosion of the bubbles. Crystal growth fol-
lowed a simple solid-on-solid model at high reactant concentrations and 
relatively low energy levels, thus shortening the time of synthesis, currently 
to less than 30 minutes for the formation of Zn-HKUST-1 and Cu-HKUST-1 
nanorods at room temperature and ambient pressure [63]. It is clear that 
both microwave- and ultrasound-assisted methods are very suitable for the 
preparation of nano-MOF materials [64].
Mecanochemical synthesis
As a solvent-free method, mecanochemical synthesis has successfully 
found its place within the recently reported methods for MOF preparation 
[61,65–67]. This method consists of a solid-solid reaction initiated by me-
chanical energy, usually ball milling. The rise of pressure or temperature 
is not required but sometimes a secondary phase can be obtained making 
difficult the isolation of the products. However, the presence of a small pro-
portion of liquid component (not a solvent) could offer some benefits, such 
as an easier crystallization and higher yield of the desired product due to 
the improved mobility of the species and their homogenization [10]. Kli-
makow et al. [67] synthesized significant amounts of high quality HKUST-1 
through a mechanochemical approach, proving that the procedure was re-
liable, effective and very fast (25 minutes). Nevertheless, they found some 
pore blocking effect from unreacted molecules, which can be removed in 
an adequate activation treatment. Still, this method is limited to MOFs 
whose synthesis is normally made under mild conditions and excludes in-
teresting systems based on Fe, Cr, Al or Ti [64].
Microemulsion synthesis
This approach is based on the microemulsion formation, i.e. thermody-
namically stable dispersions of immiscible liquids (water and oil phases) 
and the presence of emulsifiers or surfactants. The emulsifier is a mole-
cule presenting both polar and non-polar parts. In very diluted water or oil 
solutions, the emulsifier exists as monomer, but when its concentration ex-
ceeds a certain concentration, called critical micelle concentration (CMC), 
the emulsifier molecules associate to form aggregates, that is, micelles [68]. 
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These micelles are considered as nanoreactors wherein MOF formation re-
action takes place. Thus, the size and the morphology of the resulting MOF 
particles are greatly influenced by the water/oil phase ratio and the surfac-
tant concentration [69–71].
Other synthetic strategies are also available in the literature and may 
offer different advantages depending on the MOFs desired structure. It is 
worth mentioning the electrochemical method, in which metal ions are 
homogeneously supplied by the dissolution of an anode. It is reported as 
a very clean and fast method but it is generally restricted to Cu-containing 
MOFs, like HKUST [72,73]. The continuous flow production method should 
be noted as the first one applied for large-scale industrial preparation. It is 
based on the induced crystallization from a stream of dissolved precursors 
in organic solvents. Finally, we should also mention the developing field 
of post-synthetic transformation, which is based on the transformation of 
already prepared MOFs into a novel structures, some of which cannot be 
accessed using the previous methods [74].
No matter the time or the energy involved in the synthesis, before start-
ing one must remember the basic requirements: i) the adequate selection 
of salts and linkers, ii) the manner in which they connect together to obtain 
a possible porous structure, and iii) the necessity of a purification or activa-
tion step after the preparation. These steps are as important as the choice 
of the synthetic strategy.
All changes produced in a function of synthetic parameters variations 
should be controlled and this control is usually assured by the use of sam-
ple characterization techniques. This characterization should include 
structure identification, by X-ray diffraction analysis, and morphological 
and elemental analysis, which can be obtained by electron microscopy.
4.  Standard characterization for structure,  
texture and morphology
As mentioned above the study and comprehension of physicochemical 
properties are of paramount importance to modulating the synthesis pro-
tocols in order to obtain solids with the adequate morphology, texture and 
structure. Standard characterization methods for the structure, texture 
and morphology of MOFs and zeolites include: powder X-ray diffraction 
(XRD), Brunauer-Emmett-Teller (BET) surface area measurement, and 
electron microscopy techniques. It should be emphasized that the use of a 
single method is insufficient for the analysis of a MOF or zeolite. Therefore, 
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Figure 7. examples of basic structural and morphological characterization. simulated XrD analysis 
for zeolite FAU and H-KUst MOF. Insert: ‘French fries’ MFI structure.
elemental analysis, IR spectroscopy, NMR and others are normally used in 
combination with the above methods.
Powder X-Ray diffraction
Zeolites and metal-organic frameworks are, by definition, crystalline sol-
ids, that is, they have a long-range atomic or molecular order. Thus, powder 
X-ray diffraction (XRD) is typically the first method used for their identifi-
cation, as each crystalline solid phase has its own characteristic XRD pat-
tern as a “fingerprint”. XRD is a routine, non-destructive characterization 
technique with high sensitivity, reliability, and easy sample preparation 
and data interpretation [75–78].
XRD measurements give information on the solid structural organiza-
tion, proportion and size of the crystalline structures, spacing between the 
lattice planes, preferential order and growth of the crystallites [78,79]. For 
zeolites and metal-organic frameworks, this also includes framework to-
pology and extra-framework cations and/or adsorbed molecules positions. 
The presence of the latter influences the adsorption and catalytic prop-
erties of the materials through their interactions with the guest species 
[80–82]. The purity of the sample can also be revealed by considering the 
proportions and compositions of other phases, if present. Figure 7 shows 
some powder XRD patterns of different materials and their corresponding 
electron microscopy images.
Zeolite families present very distinct patterns [83,84]. To identify the 
precise structure, XRD patterns are compared to reference patterns of 
known zeolite structures. The unit cell composition of a zeolite can be di-
rectly determined and its reference patterns can be found in the Atlas of 
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Zeolite Framework Types [85] or in the Collection of Simulated XRD Patterns 
for Zeolites [86]. The powder diffraction data and simulated patterns for 
the reference structures are listed alphabetically according to the respec-
tive framework type code [87]. Materials with the same framework code 
(i.e. framework topology) but different composition will have more or less 
different diffraction patterns; therefore, several reference materials may be 
found.
On the other hand, the width and shape of the diffraction peaks is also 
significant and are a convolution of effects due to crystallite size, strain, and 
instrumental broadening. The Scherrer equation normally relates the dif-
fraction peaks widths to the average (by mass or volume) crystallite dimen-
sion [76]. Certain zeolites often present highly isotropic crystals, especially 
those with cubic symmetry like zeolites A, X, or Y [88]. However, other ze-
olites present highly anisotropic dimensions. Many one-dimensional pore 
zeolites tend to possess needle- or rod-shaped crystals. In catalytic or ad-
sorptive applications, it may be desirable to have crystallites that are short 
in a particular direction in order to create the most efficient access within 
the pores of the solid. Characterizing the crystallite dimensions is therefore 
relevant in the interpretation of their behaviour.
The powder XRD diffraction analysis applied to MOFs allows for the 
drawing of conclusions concerning the reproducibility of the synthetic pro-
cedures and could explain structural differences between samples of the 
same MOF prepared by different methods [89]. Small variations in the syn-
thetic conditions often influence MOF crystallization but may also result in 
the appearance of other polymorphic phases. Combined experimental and 
computational studies can be used to identify the driving forces in the for-
mation of the different crystal phases [90]. It is usual to employ simulated 
powder XRD patterns calculated from model crystal data [91] and to com-
pare them with experimental MOF patterns [92,93] directly or by Rietveld 
refinement analysis [94,95]. Using this method, a reference pattern for the 
model crystal is calculated and then compared to the experimental data. A 
fitting algorithm allows us to refine the model and obtain precise values for 
the lattice parameters, crystal densities, degree of crystallinity, and crystal-
lite size. Nevertheless, MOFs crystal structures are not always unambigu-
ously determined. Although XRD is widely employed and well understood, 
the structure elucidation is not always a straightforward process. The large 
unit cell parameters of MOFs and the high electron density on the metal 
sites can make it challenging to determine its structure by X-ray diffraction.
The thermal stability, an important characteristic of MOFs, [96] can 
be also analyzed by X-ray diffraction analysis as temperature is increased. 
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Heating MOFs induces evaporation of the solvent, hosted in the porous 
structure of the solid. As a consequence, the MOF structure changes: 
structure shrinks and metal-containing secondary building units convert 
to metal oxides. A complementary method for studying the thermal sta-
bility of MOFs is thermogravimetric analysis (TGA) [97], which measures 
the mass of an analysed sample as a function of temperature to deter-
mine the thermal decomposition of the sample. It also allows for the es-
tablishment of a purification and activation protocol. Moreover, if the 
thermogravimetric analysis is combined with a mass spectrometer it is 
possible to determine the temperature at which the sample changes and 
to quantify the solvent removal and the stability of the structure under 
heating.
Adsorption and surface area measurement
Properties, such as surface area, pore volume and pore-size distribution 
are essential parameters, especially in shape selective catalysis and ad-
sorption. The reactants must run across the porous system to reach the 
catalytically active sites and the resulting products have to leave the sites. 
These mass transfer processes depend on the pore size, i.e. bulk diffusion 
in large macropores (diameter >50 nm), Knudsen diffusion in mesopores 
(diameter 2–50 nm) and configurational diffusion in the micropores (di-
ameter < 2 nm) [98]. Generally, the physical adsorption of a gas [99–101] is 
routinely used to characterize porous materials. This technique accurately 
determines the amount of gas adsorbed by the solid material, an indirect 
measure of the pore properties and structure. The starting point of the BET 
analysis is a determination of the adsorption and desorption isotherms, 
which are represented as the amount of probe gas adsorbed as a function 
of its relative pressure (the ratio of its partial pressure to its vapour pres-
sure) at a fixed temperature. Different probe gases including N2, Ar, and CO2 
are frequently used as probe gases, depending on the nature of the mate-
rial (adsorbent) and on the information required [102–104]. N2 adsorption 
at 77 K at sub-atmospheric pressures is frequently used as routine quality 
control. If applied over a wide range of relative pressures, N2 adsorption 
isotherms can provide information on the pore size distributions in the 
whole range of porosity of the material: micro-, meso- and macroporosity 
(approximately 0.5–200 nm) [105].
Valuable information can be deduced from the shape of the nitrogen ad-
sorption/desorption isotherms. According to IUPAC classification, six types can 
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be distinguished, although only four are usually found in routine characteriza-
tion [105]. Type I isotherms are characteristic of microporous adsorbents, such 
as zeolites, and Type IV are typical of mesoporous solids. The latter is charac-
terized by an increase in the adsorbed gas volume at high p/p0 and by the exis-
tence of a hysteresis loop. The presence of hysteresis in the isotherms indicates 
the presence of mesopores and its shape is related to the shape of the meso-
pores [106]. Roughly, a vertical loop indicates cylindrical mesopores, whereas a 
more horizontal one indicates ink bottle-type mesopores. The increase of the 
adsorbate volume at low p/p0 pressures in the type IV isotherms indicates the 
presence of micropores along with the mesopores. Experimentally, micropores 
can be analysed by adsorption calorimetry coupled with isotherm measure-
ments or by pre-adsorption of large molecules [99]. The determination of the 
micropore size distribution in zeolites is preferentially performed using Ar ad-
sorption at 87 K (or 77 K). The use of Ar is justified as N2 presents quadrupolar 
moment causing an enhanced interaction with the zeolite framework and hin-
dering discrimination of different pore sizes [101]. In addition, N2 adsorption 
in micropores occurs at lower p/p0 values than Ar, the latter being thus more 
favourable for accurate measurements of smaller micropores [107].
BET area is a measure of the total area of the solid (micro-, meso-, and 
macropores). It is based on the multilayer adsorption model proposed by 
Brunauer, Emmet and Tellet (BET), applied to adsorption data in a suitable 
range of low pressures. If the cross-section area of the adsorbate is known 
(e.g. 0.162 nm2 for N2), the area of the solid can be estimated.
MOFs surface areas can be also calculated geometrically from the cor-
responding crystal structures [108]. In this sense Walton and Snurr [109] 
 simulated nitrogen isotherms in a series of MOFs and showed that the ac-
cessible surface areas agree very well with the BET surface areas obtained 
from the simulated isotherms, thus demonstrating that the use of this 
method is physically meaningful for MOFs characterization [110].
The t-plot and s-plot are empirical methods that allow a semi- quantitative 
analysis of the micropore surface area [111]. Both methods are based on the 
comparison of adsorption isotherm data of porous sample to a nonporous 
one (type II) of comparable chemical composition and surface properties. 
The t-plot is the representation of the amount of gas adsorbed vs. the statis-
tical thickness that the adsorbate would have at the same relative pressure 
on the nonporous sample. By fitting it to a straight line, estimates of the 
mesopore surface area and of micropore volume can be obtained from the 
slope and intercept, respectively [112].
Several methods to calculate the pore-size distribution from adsorp-
tion/desorption isotherms have been developed. The Barrett, Joyner and 
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Halenda (BJH) model is commonly used for the mesopore range and part 
of the macropore range [105,100]. It uses the desorption branch of the iso-
therms to calculate the pore size distribution and the adsorbed volume. 
It is designed as an ASTM standard method D 4641/87, and based on the 
modified Kelvin equation for capillary condensation. The method gives a 
reasonably good pore size distribution up to ca. 4 nm diameter. However, 
below a pore diameter of 2 nm the Kelvin equation is not valid [113–114].
Due to the size and regular nature of their pores and apertures, one of 
the most important zeolite functions is to serve as a molecular sieve. De-
pending on the pore system of the zeolite, molecules can penetrate into the 
channel network or can be excluded from it. However, sometimes the trans-
port of reactants to the active sites or the counter-diffusion of products in 
the channels is difficult and leads to intracrystalline transport limitations 
[115]. Development of more open structures by creating additional porosity, 
e.g. by combining micro- and mesopores is a well-known approach to im-
proving zeolite difusional properties [115–116].
MOFs are characterized by the diversity of their structures, different sym-
metries and pore sizes. The chain length of the linker conditions their pore 
size, while the introduction of substituents and functional groups into the 
linker provides additional selectivity and chemical properties in the pores 
[117]. MOFs are one of the known materials with the highest specific sur-
face area, some of them presenting BET specific surface area values close to 
6000 m2 g−1 [118–119]. The post synthesis treatment of the frameworks (cate-
nation) and the presence of organic or inorganic species hosted in the pores 
can greatly reduce these surface areas [89,102]. For instance, Kaye et al. [120] 
obtained extremely porous MOF-5 by minimizing its exposure to atmo-
spheric or solvent molecules during the preparation. They also report as a 
possible reason for MOF-5 surface loss: the framework decomposition under 
exposure to water and humid air during and after the synthesis procedure.
Electron microscopy
Zeolites may have different dimensional channels and may exist in a vari-
ety of morphologies [121–123]. They can exist as relatively large crystals of 
ca. 1 µm [124] and, in this case, scanning electron microscopy (SEM) can 
provide useful information about morphology, defect presence and growth 
mechanism, as presented in Figures 4 and 7. For both zeolites and MOFs 
SEM can be used to monitor the presence of mesopores and the quality of 
the crystals [125]. However, when the features are around 1–3 nm, the use of 
sYntHesIs AnD IDentIFICAtIOn MetHODs FOr ZeOLItes AnD MOFs 47
TEM microscopy is better suited. The first works to describe the usefulness 
of transmission electron microscopy (TEM) for extracting morphological 
and structural information date from the 1940s [126–127]. Nowadays TEM is 
considered a powerful characterization technique providing fundamental 
information on morphology and microstructure [126]. The structures of de-
fects (e.g. dislocations, stacking faults, twins, etc.) can be also characterized 
[124]. TEM can also show the effects of dealumination of the zeolite struc-
ture [128] or reveal the porosity in three dimensions by means of rotation 
and image reconstruction (tomography) [129] and even locate positions of 
metal particles within the pores [130].
Microstructure characterization is crucial for the understanding and op-
timization of zeolites and MOF synthesis. For multicomponent solids, in 
general, proper mixing of the components is of crucial importance. The 
presence of phases other than the desired ones can influence in a great 
manner the properties of the material and therefore its applications. On 
a macroscopic scale the control of “mixing” is usually obtained by using 
“bulk” techniques such as X-ray diffraction or vibrational spectroscopy [92]. 
In many cases, however, local information at the nanometer scale is de-
sired. TEM is the method used for that purpose, providing direct imaging, 
electron diffraction patterns and X-ray fluorescence spectroscopy of spe-
cific sample points with high spatial resolution [131]. When high resolution 
TEM (HRTEM) imaging is used, the critical pore structures, lattice planes, 
and atomic arrangements within the solid can be observed [132]. In HRTEM 
analysis, the crystallographic information is directly related to its position 
in the image: the crystal structure is “imaged”. This allows the direct char-
acterization of local features like surface facets or interface identification.
However the electron beam of HRTEM may damage the microstructure 
of zeolites and MOFs [133]. Depending on the accelerating voltage, differ-
ent electron damage mechanisms become important. In general, electron 
beam damage occurs more rapidly in zeolites having a higher water con-
centration [134] and decreased silica to alumina ratio. As another example, 
the sintering of small Pt particles supported on zeolite during a TEM study 
was also reported [135]. The scanning mode of TEM (STEM) can reduce 
electron beam damage produced by the continuous static illumination in 
HRTEM imaging [136]. Moreover, STEM images are particularly sensitive 
to a variation of the average atomic number and give rise to an exception-
ally high signal-to-noise ratio, which is very suitable for observing metal 
particles in zeolites and MOFs [137]. Few TEM/STEM studies of MOFs are 
available in the literature. The direct imaging of intact MOF crystals by 
TEM was first reported for MIL-101(Cr) [138]. Díaz-García et al. [139] also 
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studied nanosized MOF-74 materials in STEM mode. The image quality was 
sufficient to resolve the channel structure of the crystals, although the sen-
sitivity of the MOF to the electron beam made it difficult to achieve more 
information on the intact materials.
5.  Concluding remarks
Both zeolites and metal-organic frameworks are well-defined porous mate-
rials with varying structures and morphology depending on their building 
units. As they present very similar characteristics, the synthetic methods 
employed are usually similar, the hydro/solvothermal method being the 
one most reported. Variations of the preparation methods are guided by 
application requirements: smaller crystal can be obtained by ultrasound 
and microwave assisted methods but sometimes in detriment to the crys-
tallinity. No matter what the synthesis procedure, a basic characterization 
of the structure, porosity and morphology is required to guide the posterior 
change of synthetic parameters or additional treatments, or to assess the 
suitability of the materials for the intended use.
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1.  Fundamentals
Generally speaking, spectroscopic methods of analysis aim to determine 
the chemical composition of a sample through the interaction of an elec-
tromagnetic beam (EMB) with the matter. This beam is characterised by its 
intensity (I0) and its wavelength (λ0). The different beam-matter interaction 
modes involved in spectroscopic techniques are schematically described in 
Figure 1. The incident beam can be:
1) absorbed by the matter at the atomic, molecular or at a higher level, 
and the analysed beam is the transmitted one, which characterised by 
(I < I0, λ0),
2) absorbed by the matter and lead to emission of electrons (photoelectric 
effect) or photons (fluorescence or phosphorescence phenomena with 
λ > λ0),
3) diffused by diffraction in ordered matter leading to constructive and 
destructive interferences, in this case the analysis focuses on the angle 
of diffraction,
4) diffused by reflection, the resulting beam having same λ0 but lower 
intensity (I’ < I0).
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According to the energy associated with the incident or emitted beam, a 
range of information can be obtained, as summarised in Table 1, giving rise 
to the usual spectroscopic techniques.
The objective of the characterization of materials in heterogeneous ca-
talysis is to understand the activity and selectivity of solid catalysts in a giv-
en reaction. Heterogeneous catalysis relies on the solid-gas or solid-liquid 
interface but also on the accessibility of active sites. Because of the wide 
table 1. energy range and obtained information of the main spectroscopic methods.
EMB (energy 
range, eV)





Mössbauer (absorption/ emission) nuclear atomic transition
X-ray (105-102) eXAFs/XAnes (absorption) Internal electrons
eDX (emission) Atomic composition
XPs (electron emission) Atomic composition, oxidation 
number
XrD (diffraction) Atomic arrangement, structure
UV-visible (1–10) UV-visible (absorption) external electrons, molecular 
bonds, oxidation degree
Ir (0.1–1) Ir (absorption) raman (diffusion) Molecule vibration/rotation
eXAFs: extended X-ray absorption fine structure, XAnes: X-ray absorption near 
edge structure, eDX: energy-dispersive X-ray spectroscopy, XPs: X-ray photoelectron 
 spectroscopy.
Figure 1. Interaction eMB-matter.
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range of energies associated with spectroscopic methods, complementary 
information about the material as well as the reaction mechanism can be 
obtained by a proper combination of techniques. Bulk characterization 
information must be distinguished from surface information, even if they 
are related. Also, an important distinction has to be made between tech-
niques that characterise the material as prepared and the ones that allow 
the characterization of the catalyst during its operation, an intermediate 
one being in situ characterization. Note that, in addition to the study of 
the activity/selectivity of the catalytic reaction, these operando and in situ 
approaches, also allow for studying formation (crystallization) of the ma-
terial during its synthesis, particularly in the case of zeolitic and hybrid 
materials.
In the case of zeolite and MOF characterization, the determination of 
the atomic arrangement composing the 3D structure is mainly performed 
by X-ray diffraction and NMR spectroscopy. EXAFS and XANES spec-
troscopies could complete the description about the order/disorder at a 
more local level. Such information is relevant in order to verify the syn-
thesis and purity of the material but also to understand the transport phe-
nomena of reactants and products inside the porous material. In the case 
of zeolites, the main structures are described in the Database of the Inter-
national  Zeolite Association [1].
X-ray photoelectron spectroscopy is used to discern the global chemi-
cal composition of the external layer of a solid (< 2–3 nm) and, more spe-
cifically, the distribution of the oxidation number for each element. Note 
that this technique requires low pressure and is mainly used as an ex-situ 
technique. Also, in the case of highly porous materials like zeolites and 
MOFs, a great deal of the area inside the (micro)pores may not be ana-
lysed, even though it can contribute to activity. For specific atoms such 
as iron or cobalt, Mössbauer spectroscopy allows following the oxidation 
state and coordination number in in situ conditions. Energy-dispersive 
X-ray spectroscopy, EDX, is performed in an electron microscope and also 
allows determination of the chemical composition but in a more localised 
region (usually in a volume of around 1 μm3). UV-visible spectroscopy al-
lows identifying the elements and their oxidation number as well as their 
local arrangements. The use of this technique in in situ conditions can also 
give information on the adsorbed species and on the modification of the 
coordination of transition metal ions in zeolites. However, the resolution 
of this technique is low since the coexistence of different species makes 
their distinction difficult.
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Vibrational spectroscopies (IR, Raman) can be used first to get infor-
mation on the structure of zeolites and MOF. Vibrational spectroscopies 
are especially useful to establish structure-activity relationships since they 
also allow distinguishing various surface species according to their local 
environment. The ideal characterization of the catalyst is indeed the one 
able to reach the concentration of individual, independent sites in order 
to determine their intrinsic activity. Vibrational spectroscopies are also 
informative for studying the reaction mechanism: they can allow the iden-
tification of intermediates, poisons or spectators species, even if the dis-
tinction between these various species is not always straightforward. The 
main limitation in this regard is that reactive intermediates have a short 
lifetime on the catalyst surface. As a result, new fast spectroscopic devices 
are under development. Since vibrational spectroscopies have a specifical-
ly wide application domain in the field of zeolite and MOFs, their common 
fundamental basis will be shortly described next.
Vibrational spectroscopy involves transitions between discrete vibrational 
energy levels of polyatomic species, which are associated with their differ-
ent vibration modes. Such modes can be described, as a first approximation, 
 considering a chemical bond in a molecule or solid lattice as a harmonic 
oscillator (like two masses m1 and m2 bound by an ideal spring). The corre-
sponding allowed transitions between equidistant vibrational energy levels 
are the ones with a one-unit increase in the vibrational quantum number (υ), 
the so-called fundamental vibrations. A more realistic model is provided by 
the anharmonic oscillator, which is particularly relevant for explaining over-
tones (vibrational transitions with Δυ > 1). For the description of this model, 
the reader is referred to reference [2]. The frequency of the vibration according 






where k is the bond force constant and μ is the reduced mass, μ = m1·m2/
(m1+m2). In this model, the higher the frequency (or the wavenumber), the 
stronger the bond.
For a given molecule of N atoms, there are 3N-6 fundamental vibrations 
(3N-5 in the case of a linear molecule). The nomenclature of these funda-
mental vibrations is shown in Figure 2. The stretching (ν) vibrations lead to 
a change in bond length and can be either symmetric or asymmetric. Bend-
ing vibrations (δ) correspond to a variation of angles in the plane of the 
atoms involved and include the rocking vibration of the tetrahedral unit. 
Variation of angles out of the plane of the atoms is named either bending 
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out of plane or γ vibration and includes the wagging mode of the tetrahe-
dral unit. Finally, torsion (τ) vibration, such as the twisting of a tetrahedral 
unit, changes the angle between two atomic planes.
In IR spectroscopy, absorption of the incident beam occurs if its frequen-
cy corresponds to the frequency of the vibration and if during the vibration 
the dipole moment of the molecule is changed. In Raman spectroscopy, the 
vibration frequency appears as a Raman shift of the incident frequency due 
to scattering and implies that the polarisability of the molecule is changed 
during the vibration.
2.  General characterization
To characterise the structure of zeolitic materials, the main vibrations of the 
primary building units (TO4 tetrahedra) are reported in Table 2 according 
to references [3] and [4]. Raman spectra can be measured directly, whereas 
for IR spectra a dilution of the sample in a transparent media (such as KBr) 
is often necessary, due to the strong absorptivity of the materials.
The position of the cations counterbalancing the lattice charge can also 
be characterised by vibrational spectroscopy. These vibrations occur in the 
50–250 cm-1 domain. It has been shown that the frequency vibration de-
pends on the charge and mass of the counter ion and also on the position 
inside the porous structure [5].
Figure 2. representation of fundamental vibration modes.
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In the case of organic-inorganic materials, the skeletal vibrations can be 
found below 1000 cm-1 for the transition metal-oxygen bonds, and between 
1700 and 1200 cm-1 for the organic C-O, N-O or δ(CH) vibrational modes.
On the other hand, the stretching vibration of the surface hydroxyl 
groups gives rise to several bands characterizing their position in the zeo-
lite structure [6]. In the case of zeolite Y for instance, the band at 3745 cm-1 
is attributed to silanol groups (terminal or extra lattice), the one at 3655 cm-
1 to OH of extraframework aluminium, the ones at 3630 and 3560 cm-1 to 
bridging SiOHAl groups in the supercage and in smaller cavities, respec-
tively [7,8]. MOFs also present OH vibrations in the 3750-3600 cm-1 range, 
when the cations are coordinatively unsaturated [9,10].
Zeolite materials can present different sites, such as Brønsted or Lewis 
acid sites, basic sites and redox sites. To understand the catalysis on the 
material, these have to be distinguished and quantified in concentration 
and strength, taking into account their accessibility. To this end, adsorption 
of probe molecules followed by IR spectroscopy is an informative meth-
od. Indeed, the selection of molecules with variable basic strength allows 
for probing the acid strength of the solid. In the same manner, varying the 
size of the probe molecule allows for characterization of the accessibili-
ty of such sites. Ideally, the expected reactant can also be used as a probe 
in order to get information on its adsorption mode, which is related to its 
activation on the surface. In the following section, a description of the 
main probes used to characterise Brønsted and Lewis acidity and redox 
properties of a zeolite is presented.
2.1.  Acidity analysis
Acidity is classically described by the Brønsted and Lewis concepts. 
 Brønsted sites are proton donors, which can be directly detected by their 
O-H vibrations, notably in the 3800-3500 cm-1 stretching interval. From a 
table 2. Main vibration domains of internal and external linkages in zeolites.
Internal tetrahedra Vibrations (cm-1) External linkages Vibrations (cm-1)
Asym. stretch 1250–920 Double ring 650-500
sym.stretch 720-650 Pore opening 420-300
t-O bend 500-420 Asym. stretch 1150-1050
  sym. stretch 870-750
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general point of view, the position of the vibration provides an approximate 
indication of its strength: acidity increases when ν(OH) decreases. This is 
true for a set of bands on the same sample, but cannot be used as a rule to 
compare different materials due to the structural and topological parame-
ters influencing such vibrations. For example, linear hydroxyls are generally 
weakly acidic, whereas bridged hydroxyls are more acidic, due to the fact 
that the oxygen bond to the surface is stronger, so that the O-H bond must 
be weaker. However, the amount of information that can be gathered from 
the bare hydroxyl IR spectrum is limited and the use of probe molecules 
is necessary, notably to separate the bands in a heterogeneous massif, to 
compare the acid strength or to verify the accessibility of the sites. In this 
case, three complexes can be formed between the basic probe (B) and the 
hydroxyl proton: i) a weak H-bond (B····H-O), ii) a strong H-bond, giving rise 
to a quasi-symmetrical complex (B····H····O), and iii) protonation, i.e. the 
formation of an ion pair with more or less dissociate ions (BH+····O-).
In the case of Lewis acid sites, the absence of a direct IR signal makes the 
use of probe molecules compulsory to characterise the acidity. This is ob-
tained by analysing the molecular interactions between the surface and the 
basic probe, considering the band frequency and intensity in the spectrum 
of the perturbed probe with respect to the spectrum of the isolated mole-
cule [11,12]. Upon different calibrations, this indicates the kind of sites and 
their surface concentration. Therefore an appropriate probe has to be cho-
sen in order to obtain qualitative and quantitative information. The ideal 
probe molecule should have an optimum basic strength (sufficient to bond 
with the acid site, not too high to perturb it), an adequate size to access the 
porosity of the sample, a good selectivity towards the different sites, a satis-
factory spectral response (in terms of intensity and shift proportional to the 
interaction strength), a good stability on the catalyst (no decomposition) 
and a sufficient vapour pressure to be introduced into the experimental cell.
H2O
An efficient way to test Lewis sites is to transform them into Brønsted sites 
by a reversible adsorption of water. Each water molecule coordinated onto 
an activated sample induces the creation of two Brønsted sites presenting 
bands in the region 3700-3580 cm-1 [9,10]. It is worth remarking that over 
oxidic compounds presenting Lewis acid-base pair water molecules are dis-
sociated and form two hydroxyls as well. Other protic molecules (such as 
alcohols) can coordinate on Lewis sites and transform them into Brønsted 
acid sites whose acid strength is proportional to the acidity of the adsorp-
tive [10].
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CO
Based on the aforementioned concepts, CO is often considered as the ideal 
probe, being small in size, having very weak interactions, and with a spec-
tral shift of more than 90 cm-1 depending on the strength of the acid site 
[13]. Being a very weak and soft base is very suitable for the characterization 
of strongly acidic surfaces. The wavenumber of the linear ν(CO) stretching 
vibration of molecules adsorbed at acidic centres without electron back 
donation is shifted to higher wavenumbers than gaseous CO (2143 cm-1), 
giving rise to bands between 2150 and 2180 cm-1 when interacting with 
Brønsted acid sites, or up to 2240 cm-1 for Lewis sites [14,15]. This shift can 
be explained in simple terms by the Blyholder model [16], due to the in-
teraction of the filled 5σ-orbital of CO (HOMO) with an electron acceptor 
centre at the surface. This orbital is slightly antibonding between C and O. 
Withdrawing of electrons from this orbital strengthens the CO bond. Elec-
tron π-backdonation from d-orbitals of surface transition metals atoms to 
the 2π*- orbital of CO (LUMO) would partially weaken the CO bond. But 
globally the CO bond is strengthened, which results in a blueshift (high-
er wavenumber) of the corresponding ν(CO) vibration [17]. The higher the 
blueshift, the higher the Lewis acidity. To a certain extent, Brønsted acid sites 
can also be characterised with CO due to weak hydrogen bonding to sur-
face OH groups. Accordingly, adsorption being weak, it should be favoured 
by low temperatures ranging down to the boiling point of nitrogen (77 K). 
In this case, CO and OH wavenumbers are shifted due to mutual interac-
tion [18]. A linear correlation can be observed between the ν(OH) shift, the 
H0 (Hammet acidity function) value and the ν(CO) band position, which 
allows ranking of the solid acidity among a large panel of compounds [10].
(Substituted) pyridine
Pyridine is certainly the most employed molecule to probe acidity. It has a 
strong base (PA = 930 kJ mol-1, pKB = 8.75) and it easily gives rise to the for-
mation of H-bonded and pyridinium ion species on weak and strong Brøn-
sted acid sites, respectively, and to coordinated species on Lewis acid sites 
[19]. Spectral analyses are generally performed over the 1400–1700 cm-1 
ν(C=C) ring vibrations range, in which four fundamental modes occur, 
accounting for the nature of the species formed. Among them, pyridini-
um species (Brønsted acid sites) are characterised by bands at 1640 and 
1545 cm-1, whereas coordinated pyridine species give rise to bands at about 
1600–1628 and 1445–1462 cm-1, respectively. As in the case of CO, the higher 
these frequencies are, the stronger the Lewis acidity is. Concerning H-bonded 
species, the corresponding bands are less sensitive and show vibrations at 
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wavenumbers closer to the ones observed in the liquid phase (1596 and 
1445 cm-1). Such small shifts can make assignments ambiguous when both 
weak Lewis and Brønsted acid sites are expected on the surface. Therefore, 
the only way to prove the formation of H-bonded species is the concom-
itant observation of a broad ν(OH) band shifted to a lower wavenumber 
than that corresponding to the free OH groups. Moreover, these species, 
hold relatively weakly on the surface hydroxyl groups, are easily removed 
by pumping off at 423 K.
Pyridine is frequently used in quantitative studies by introducing succes-
sive aliquots of the probe on an activated surface. The progressive growing 
of the band intensity allows quantifying the concentration of the accessible 
acid sites on the solid. Then, operating a thermal desorption after surface 
saturation permits distinguishing the sites by acid strength. However, DMP 
(dimethylpyridine or lutidine) is more convenient than pyridine to detect 
weak Brønsted acidity due to its higher basicity (pKa = 6.7 compared with 
5.2 for pyridine) and also due to the interaction of the methyl groups with 
the surface favouring DMP adsorption on Brønsted acid sites, as schema-
tised in Figure 3 [20]. Various adsorption modes of DMP with the surface 
of a solid give rise to specific spectral features in the 1660-1580 cm-1 range 
[21–24]. In particular, weakly adsorbed species (H-bonded or π-coordinat-
ed) produce absorption bands at ∼1600-1580 cm-1, σ-coordinated species 
on coordinatively unsaturated cations lead to bands around 1615-1600 
and 1580 cm-1, the protonated species DMPH+ absorbs near 1650-1645 and 
1625 cm-1.
Ammonia
Ammonia can be very useful as an acidity probe, although in some cas-
es it is too reactive and gives rise to dissociative adsorption [25], dispro-
portionation reaction, or is transformed into amide, imide and hydrazine 
Figure 3. Interaction of substituted pyridine with the surface sites.
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species, as well as oxidised to N2, N2
- and N3
- [26]. It is a good probe for acidic 
non-oxidizing or poorly oxidizing surfaces [27].
Acetonitrile
Acetonitrile is a probe with medium basicity that can interact with Lew-
is and Brønsted sites to form, depending on the acid strength of the site, 
 protonated species or species strongly bound to the electrophilic site via a 
hydrogen bond in the case of OH groups. The pKa of CH3CNH
+ is 11.8, and 
protonation of acetonitrile only takes place with acids approaching the lim-
it of superacidity. CD3CN is generally used in place of CH3CN because the 
latter molecule displays not only one but two bands in the ν(C≡N) region 
used to characterise the acidity. This is due to a Fermi resonance between 
the fundamental ν(C≡N) vibration and the combination mode δS(CH3) + 
ν(C–C). This interaction does not exist in the case of CD3CN, which pres-
ents in the liquid state only one ν(C≡N) band at 2263 cm-1, which shifts to a 
higher wavenumber upon interaction with acid sites [28].
Different nitriles can be used as acidity probe molecules, such as piv-
alonitrile, benzonitrile or o-toluonitrile [29,30]. The reference bands cor-
responding to the ν(C≡N) vibration are close to that of acetonitrile, and 
they also undergo a blueshift proportional to the site acidity. The main 
difference consists in the steric hindrance of the molecule, which can be 
selectively used to probe sites inside the channels of porous materials, as 
described below.
2.2.  Site accessibility
The description of the position of the sites inside the porosity of a zeolite 
or a MOF is of paramount importance, notably to correlate the site prop-
erties with their reactivity. For this purpose, different strategies have been 
elaborated to analyse the type, the concentration of sites and their strength 
inside the channels and the pockets of zeolitic compounds. The majority of 
the molecules mentioned above (CO, ammonia, acetonitrile, etc.) are small 
enough to enter the totality of the cavities. On the contrary, molecules with 
a greater steric hindrance (larger nitriles, substituted pyridine, etc.) can 
only enter large cavities. This has been largely applied to FAU and MOR 
structures, made of big and small cavities, in which some acidic hydroxyls 
are out of reach of basic molecules such as pyridine. Therefore, by operat-
ing co-adsorption of molecules presenting different sizes and basicity it is 
possible to determine the populations of the sites and their location inside 
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the porosity. For example, the co-adsorption of the strongly basic trime-
thylamine and NH3 has provided, for the first time, an infrared evidence of 
four distinct acidic hydroxyls in defect-free HY. These sites have different 
acidic strengths and provide therefore various coordination environments 
to the ammonia and ammonium species inside the sample [31,32].
Pivalonitrile is too large a molecule to enter the side pockets of Mor-
denites, so the adsorption sites present there can be distinguished from 
those inside the main cavities by using various nitriles [29]. O-toluonitrile 
is larger than the channels of MOR, MIF and FER zeolites, thus allowing 
selective probing of their external surface and determination of the role of 
sites outside the porosity [30,33].
Accessibility can also be derived from infrared spectroscopy of substi-
tuted alkylpyridines with different sizes (pyridine: 0.57 nm, 2,6-lutidine: 
0.67 nm, collidine: 0.74 nm). For example, the enhanced accessibility of 
hierarchical ZSM-5 crystals containing different degrees of intracrystalline 
mesoporosity was demonstrated this way. A relatively bulky molecule such 
as collidine, which probes practically no acid sites of the parent medium 
pore MFI structure, could access up to 40 % of the Brønsted sites in the 
hierarchical sample [34].
2.3.  Basicity
Basicity is a property more difficult to test than acidity, due to the intrin-
sic characteristics of the basic site [35]. CO2 is often used as probe mole-
cules for the characterization of basic oxides: the subsequent formation of 
carbonates provides reliable indications on the kind and strength of basic 
sites on the material surface, considering both the symmetry of the formed 
species and their thermal stability [36]. However, carbonates strongly mod-
ify the probed solid and in the case of zeolitic compounds the framework 
oxygen basicity is generally too low to induce their formation. Thus, mol-
ecule alternatives to CO2 (or NO2 and SO2, which acting in the same way 
will form nitrates and sulphates, demonstrating the presence of basic sites) 
have to be used. Some years ago, Lavalley reviewed the infrared spectro-
scopic studies of the surface basicity of metal oxides and zeolites using 
adsorbed probe molecules [37]. Results obtained from carbon monoxide, 
carbon dioxide, sulphur dioxide, pyrrole, chloroform, acetonitrile, alkanes, 
thiols, boric acid, trimethyl ether, ammonia, and pyridine were discussed 
and their drawbacks were highlighted. Even if it was clearly stated that no 
probe could be used universally, pyrrole appeared to be quite suitable in 
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the case of alkaline zeolites. A pioneering review on the basic properties of 
zeolites was conducted by Barthomeuf [38].
More recently, NO2 disproportionation on alkaline zeolites was used to 
generate nitrosonium (NO+) and nitrate ions whose infrared vibrations are 
shown to be very sensitive to the chemical hardness of the cation and the 
basicity of zeolitic oxygen atoms [39]. In general, the best probe molecule 
for IR measurements would be an H-donating HX molecule able to adsorb 
on surface centres such as –O2- or –OH- sites through a hydrogen bond in-
teraction. From the ν(H–X) shift, a scale of surface basicity could be estab-
lished [40]. Knözinger proposed a way to obtain a relative ranking of the 
basic strength of a series of catalyst materials by FT-IR spectroscopy using 
methylacetylene and tert-butylacetylene as probe molecules [41].
Michalska et al. pointed out that propyne is an excellent probe for the 
study of oxygen basicity in mesoporous molecular sieves [42]. Additionally, 
they verified that probe dissociation does not depend on the site strength 
but can be due to the presence of Lewis-acid sites coupled with basic sites: 
the formation of the hydrogen bond weakens the bond between ≡C and H. 
In the presence of an acid site, which can host the CH3–C≡C moiety, the 
surface protonation is easily achieved. Therefore, propyne dissociation is a 
good probe for the presence of acid-base pairs on a surface as well [42]. In 
a similar way, propyne highlighted the presence of acid-base pairs in MIL-
53(Fe)-CH3. The bridging hydroxyl group µ2-OH acts as a proton donor to-
ward the C≡C triple bond of propyne and as proton acceptor toward the 
≡C–H group, thanks to the simultaneous presence of an acid and a basic 
function in the propyne molecule, which is not the case for other probe 
molecules [43]. This approach also allowed the correlation of basic prop-
erties in solid catalysts (such as lanthanum oxides) with their performanc-
es for the synthesis of phytosterol esters from transesterification of a fatty 
methyl ester (dodecanoate) with b-sitosterol. Using the shift of the ν(C≡C) 
stretching mode for the adsorbed propyne species it was possible to deter-
mine the strength of the basic sites at the surface of the carbonated oxide: 
the lower the position of that vibration, the greater the basicity of the cor-
responding site. A ranking of the basic strength of the surface carbonate 
species of the lanthanum oxycarbonate samples was thus possible and it 
was correlated with the catalytic activity: the lower the basicity of carbon-
ates, the higher the phytosterol ester yield [44].
Another protic molecule used to probe basicity is methanol when ad-
sorbed molecularly. Upon accurate spectroscopic analyses (notably by cou-
pling volumetric/IR and gravimetric/IR methods), it enables discrimination 
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between molecular and dissociative adsorption of methanol and quanti-
fying the basic sites exposed by a surface [45]. H2S has also been used as 
a hydrogen donor to characterize basicity. For example, infrared analyses 
on MIL-47(V) have shown that adsorption of H2S preferentially occurs on 
μ2-O atoms of the V = O...V entities through hydrogen bonded species. The 
interaction is weak, with a calculated adsorption enthalpy of 27–29 kJ mol-1, 
revealing that the basicity of these entities is consequently weak [46]. In 
the case of a NaY zeolite, the high basicity of a few of the oxygen atoms 
of the supercage was shown by H2S dissociation, leading to the creation of 
some OH groups in the supercage only, whereas sodalite cavities (although 
accessible) remained unaffected [47].
2.4.  Cationic and redox sites
Hydroxyls complete the coordinative unsaturation of cations. They are 
therefore, intrinsic probes of the environment and oxydation degree of the 
moieties bearing them. In some cases, OH groups can indicate the presence 
of surface defects and the redox behaviour of a solid. This is particularly 
true for cerium-based compounds, in which the hydroxyl bands shift ac-
cording to the presence of Ce3+/Ce4+ sites and/or oxygen vacancies [48]. The 
best parallelism to this evidence is provided by methoxy species formed on 
the activated surface by methanol dissociative adsorption. Methoxys are 
sensitive to the local environment of cations, so they present specific bands 
for each cationic species they are coordinated to, and help to describe the 
surface composition of a material. Moreover, they unravel the oxidation 
degree of cations and enable a quantification of the concentration of dif-
ferent species present on the surface, as well as the fraction, which can be 
reversibly transformed by a redox cycle [49–52]. This allows for the identi-
fication of mechanistic steps in catalytic reactions, as well as the active sites 
taking part in them [53].
CO and NO are invaluable tools for the characterization of cationic spe-
cies inside porous compounds. For example, CO adsorption in Rh-ZSM-5 
led to the discovery of a new kind of rhodium gem-dicarbonyls and made 
possible to understand the mechanism of different catalytic reactions. The 
shift of the ν(CO) vibration showed the Rh position in the porous struc-
ture, its oxidation state and the capacity to host different chemical species 
having different stability, especially in the presence of water [54]. Accord-
ing to this methodology, CO and NO adsorption on zeolite-supported Rh 
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nanoparticles containing different promoter elements permitted both 
characterizing the effect of the additive and the catalytic activity of the no-
ble metal [55].
However, the best application of this methodology is certainly the 
characterization of copper and iron in porous compounds, since NO 
probes the Cu2+ and Fe2+ states, while CO adsorption is more specific to 
Cu+ and, sometimes, Fe3+ states [56–58]. Thanks to the properties of these 
probe molecules it was possible to study the iron distribution and oxi-
dation state in ZSM-5 [59,60], FER [61] and Y [62] zeolites, which is of 
paramount importance for their application in environmental chemistry 
and petrochemistry. These studies showed that both the oxidation and 
the coordination states of Fe2+ confined in Ferrierites may change easily, 
which makes them excellent candidates for active redox sites [61]. Com-
bining CO and NO as molecular probes, it was possible to go into the 
characterization of Fe-FER in very fine detail, identifying the position of 
iron on three distinct sites inside the crystalline structure [63]. Similar-
ly, the Fe2+/Fe3+ ratio and distribution in MIL-100(Fe) were evaluated by 
combining CO and NO probes [64] while their role in gas separation was 
highlighted [65,66].
2.5.  Quantification of sites: coupling IR spectroscopy with 
thermogravimetry (TGA)
The quantification of sites by IR spectroscopy is a key point that general-
ly requires the determination of molar absorption coefficients (ε), which 
can be measured by progressively adsorbing measured amounts of the 
probe molecule. However, the discrepancies between the values report-
ed in the literature are worth noting due to a lack of precise control of 
the amount of probe adsorbed on the sample [67]. One way to overcome 
this problem is to couple IR spectroscopy and thermogravimetric anal-
ysis. In a setup developed in Caen, qualitative as well as quantitative 
information is obtained simultaneously by combining thermogravime-
try and operando IR spectroscopy with online mass spectrometry. The 
weight (and therefore the number of adsorbed probe molecules) and IR 
spectra of a solid sample can be analysed simultaneously in real-time 
operando conditions in a gas flow between room temperature and 773 K. 
Integrated molar absorbance coefficients can consequently be obtained 
directly [68].
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3.  Characterization of zeolites using spectroscopic methods: 
examples
3.1.  Acidity in zeolites
Brønsted acidity in zeolites
It is generally accepted that Brønsted sites are the most reactive species 
in the channels and cavities of the zeolites in protonic form. According 
to Knözinger et al. [69], three wavenumber ranges can be observed in the 
ν(OH) stretching region of H-forms of zeolites in the dehydrated state, 
namely 3745–3750, 3600–3650 and 3530–3580 cm-1. The high frequency re-
gion has its origin in the presence of terminal silanol groups, which are 
located at the external surface of zeolite crystallites. The central frequency 
range 3600–3650 cm-1 is typical of the bridging hydroxyl groups Si–OH–Al, 
responsible of the Brønsted acidity, which are located in large cavities or 
sufficiently wide pores, where they are unperturbed by interactions with 
their local environment and accessible to reactant or probe molecules. Fi-
nally, the low frequency feature, which typically appears in faujasite-type 
zeolites, is attributed to perturbed OH groups which are located in sodalite 
cages where they are inaccessible to even small probe molecules, such as 
CO, H2 or N2.
The concentration and strength of the surface hydroxyl groups responsi-
ble for Brønsted acidity in zeolites (that is, both silanols and bridged Si(OH)
Al groups) can be determined by adsorption of basic probe molecules 
monitored by IR spectroscopy. The interaction of the probe basic molecule 
with the OH forms an adduct through the acid-base reaction illustrated in 
Figure 4. The OH vibrations modes thus differ from the original  Brønsted 
group because the hydrogen bonding perturbation is usually associat-
ed with modifications of the hydroxyl vibrational frequencies and minor 
changes of the internal modes of the bases B.
Figure 4. Formation of ZH····B adducts between a Brønsted acid OH hosted inside a zeolite channel 
and a base B via a classical acid-base reaction.
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An illustrative example was reported by Zecchina et al. [70] in which 
N2 probe molecule induced modifications on the OH vibration modes of 
a H-ZSM-5 zeolite. Upon dosage of N2 (base B), the intensity of the ν(OH) 
mode of the unperturbed Brønsted groups associated with Si(OH)Al grad-
ually decreases while that of the ν(ZH····B) vibration simultaneously in-
creases. The observation of an isosbestic point evidences that the ZH····B 
interaction is really taking place in a stoichiometric manner. At higher pres-
sures, the Al–OH groups and finally the silanols groups are also perturbed 
because of the formation of 1:1 adducts with dinitrogen. Although the inter-
action of N2 with the structural Brønsted groups is very weak, the induced 
polarization is sufficient to make the ν(N–N) modes IR active. The Brønsted 
acidity of H-ZSM-5 can be correlated with the magnitude of the redshift of 
the OH stretching vibration upon interaction with dinitrogen at low tem-
perature by hydrogen bonding. The shift induced on the ν(OH) stretching 
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with the two δ(OH) and two γ(OH) harmonics, themselves shift to higher 
wavenumbers by the H-bonding. The band structure observed is denot-
ed as an A, B, C system and is indicative of a very strong H-bonding [76]. 
This reveals that the interaction has become sufficiently strong to shift 
the δ vibration modes out of the range of the framework vibrations. On 
the basis of these considerations we can now understand the sequence 
of spectra in Figure 5b, which correspond to the interaction of a series 
of bases (increasing the basic character from N2 to pyridine) with zeolite 
H-β [74,77]. A gradual shift to lower frequencies of the broad absorption 
associated with the perturbed ν(OH) as well as the formation and evolu-
tion of A, B, C features as a function of the basic character of the probe 
molecule emerges. It can also be noted that for THF and pyridine the 
shift is slightly smaller because the proton was transferred to the nuc-
leophilic probe molecule. Similar observations have been obtained for 
other zeolites such as H-MOR or ZSM-5 [78].
The choice of probe molecule is crucial to obtain an overall view of the 
acidity. Its size has to be small enough to interact with all available sites and 
to avoid confinement effects but its basic strength has to be strong enough 
to interact even with the weakest acidic sites. Ammonia seems to be a good 
candidate for this but due to the high polarity of the NH bonds, hydrogen 
bonding with basic entities governs the coordination of adsorbed species 
and direct conclusions about acid strength are not straightforward. That is 
Figure 5. a) evans´ window on a ν(OH) vibration in the cases of free ν(OH) and ν(OH) perturbed by 
a H-bond, strong H-bond, and very strong H-bond. b) Comparison of the background subtracted 
Ir spectra of H-Beta/B adducts. Adapted with permission from [74]. Copyright 1997, American 
Chemical society
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why the adsorption of several probe molecules is often required [35]. As 
an example, the FAU and the MOR structures are made of larger and small 
cavities in which some acidic hydroxyls are out of reach for basic molecules 
such as pyridine. The co-adsorption of the strongly basic trimethylamine 
(TMA) and ammonia (Figure 6) give an IR evidence of three kinds of acidic 
hydroxyls in defect-free HY zeolites [31,32]. Moreover, the TMA desorption 
is associated with the recovery of hydroxyls at 3656 and 3638 cm-1. The two 
corresponding ν(N–H) bands reveal the presence of at least two distinct 
acidic strengths for the hydroxyls located inside the supercages. For the 
same site location, the local chemical factor should then play a role: alu-
minium distribution in the framework is not necessarily homogeneous, and 
the number of Al next-nearest neighbours influences the acidic strength 
of a given site. Another explanation for the unusual 3656 cm-1 component 
could be that part of the O4 crystallographic site is a proton holder for this 
HY  zeolite with low Si/Al ratio. In such cases, all the four theoretically fore-
casted sites in the zeolitic FAU structure (Figure 6) would have been ob-
served by IR spectroscopy [32]. The combined use of these two molecules 
also helped us to better characterize the various coordinated NH4
+ and to 
determine the activity ranking between ammonium species and coordinat-
ed ammonia over Lewis sites during NOx selective reduction.
Lewis acidity in zeolites
The origins of Lewis acidity in zeolites are diverse and depend on the struc-
ture and chemical composition of the zeolite material under investigation 
Figure 6. Ir spectra of the HY zeolite upon tMA adsorption and nH3 saturation evidencing hydroxyls in 
the supercages at 3637 cm-1, in the sodalite units at 3548 cm-1 and in the hexagonal prism at 3501 cm-1. 
Adapted with permission from [32]. Copyright 2005, American Chemical society
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[79,80]. From a general point of view, three types of Lewis acid centres in 
zeolites can be distinguished: i) charge-balancing extraframework alkali 
cations [69,73,81,82], ii) extraframework aluminum species located in de-
fect centres [83–85], and iii) heteroatoms isomorphically substituted in the 
framework [86–91]. No direct observation of any vibration band by IR spec-
troscopy for Lewis acid sites is possible. Nevertheless, the influence of the 
acid site on a probe molecule will provide information on the Lewis acid 
site by IR spectroscopy [67]. CO is the probe molecule most widely used 
for characterizing Lewis acidity in zeolites [92], although other basic mole-
cules such as methanol, amines, or pyridine also give relevant information 
[93–96].
Charge-balancing cations such as the monovalent alkali cations, other 
than H+, may be considered Lewis acid sites [81]. These cations generate 
strong electric fields within the zeolite cages or channels and are capable 
to polarize the probe molecule admitted when they are located in acces-
sible sites. For instance, CO can interact with the exchangeable cations in 
zeolites shifting the C–O stretching frequency to higher values than that in 
the gas phase (2143 cm-1) through an interaction via the carbon atom [97]. 
Knözinger et al. [69] reported a linear correlation between the ionic radius 
of the alkali metal exchanged and the shift of ν(CO) for the series of zeo-
lites LiY, NaY, KY, RbY and CsY. As illustrated in Figure 7, the frequency shift 
Δν(CO) clearly decreases when increasing the cation radius, LiY showing 
the strongest Lewis acidity. This suggests an electrostatic interaction with 
Figure 7. Interaction of CO with exchangeable alkali metal cations in Y-zeolite: correlation of C-O 
stretching frequency shift with cation radius.
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the electric field strength (F) determining the frequency shift. In a simi-
lar study, Otero-Areán et al. [92] reported that, besides the fundamental 
C–O stretching mode, weaker band appears at 90–140 cm-1. This band can 
be assigned to the combination mode between the frequency of ν(CO) 
and the cation-carbon bond vibration. The authors observed this band (at 
139 cm-1) for CO adsorbed on Na-Y by using far IR radiation from a synchro-
tron source. Observation of the combination mode is relevant to zeolite 
characterization by IR spectroscopy, since the characteristic cation-carbon 
stretching vibration is very sensitive to the specific cation present in the 
zeolite.
The presence of Lewis acidity in protonic zeolites is usually attributed 
to the presence of extraframework Al-containing species (EFAL) [98–101]. 
The structure of a true Lewis acid site is still controversial although it could 
be associated with trigonal Al atoms formed as a result of zeolite dehydrox-
ylation by thermal treatment or leached from the zeolite framework during 
chemical treatment [101–105]. In fact, the presence of Lewis acidity for zeo-
lites rich in extraframework Al species is well detectable by IR spectroscopy 
of adsorbed probe molecules. Catana et al. [79] identified three types of 
Lewis acid sites by FTIR of CO adsorbed at low temperature and the rela-
tive intensities of these peaks were correlated with the structure type and 
extraframework Al amount. In this study they used different methods to 
create Lewis acid sites in a controlled way. Alumination with AlCl3 leads to 
well-distributed extraframework Al species with a highly distorted geome-
try, which act as strong Lewis acid sites. A mild steaming procedure leads 
to similar sites and a high concentration of extraframework Al. Although 
high, the amount of Al extracted from the framework with a severe steam-
ing procedure is less effective in creating strong Lewis acid sites, probably 
because the clustered Al species block the access of the probe molecules to 
the active sites.
The incorporation of trivalent ion such as Al3+, B3+, Ga3+, Fe3+ or In3+ in 
the silica framework creates one negative charge in the zeolite lattice, which 
is balanced by a counter-ion, usually a proton [106]. As was mentioned in 
the previous section for the case of Al, the bridging hydroxyls associated to 
the Si(OH)M3+ group are responsible of the Brønsted acidity. Many works 
subsituting aluminum by B, Fe or Ga have been published and this practice 
affects directly the properties of the bridging hydroxyls. On the other hand, 
when a tetravalent cation (Ge4+, Sn4+, Ti4+) substitutes a Si atom of the frame-
work, the zeolite lattice remains neutral due to the identical charges and no 
Brønsted acid sites are generated, although this substitution could directly 
affect the properties of an OH group connected to the heteroatom [107].
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By contrast, strong acid Lewis sites can be formed upon thermal induced 
migration of heteroatoms (Al3+, B3+, Ga3+, Ti4+, Sn4+) from the framework into 
partial or total extraframework positions, generating “defect sites”. The for-
mation of these centres is favoured by the presence of water vapour in the 
gas phase during the thermal treatments at high temperature [70,75]. In a 
few cases, “defect sites” are detected in the IR spectrum of activated sam-
ples by specific IR bands, mainly in the low frequency range: bands situat-
ed at 3782/880 cm-1 on β-zeolite [108] and around 960 cm-1 on Ti-silicalite 
[109], that can be considered as a fingerprint of Lewis-acid sites.
3.2.  Basicity in zeolites
Zeolites intrinsically possess Lewis basic sites linked to the framework ox-
ygen atoms bearing negative charge, which increase as the framework Al 
content increases [110]. For a given Si/Al ratio, the negative charge on the 
oxygen atoms is higher the more electropositive, (or the less electronega-
tive) the charge-balancing extraframework cations are. For instance, con-
sidering the series of alkaline cations the basicity of the zeolite increases 
in the order: Li+ < Na+ < K+ < Rb+ < Cs+ [110,111]. Although the framework 
oxygen atoms are the most characteristic basic sites in zeolites, other basic 
centres can be found in zeolites as well, such as hydroxyl groups resulting 
from the dissociation of water in hydrated extraframework cations [112] or 
basic oxygen atoms in oxide clusters in the pores [113]. In alkaline forms of 
zeolites, only the centres associated with regular or strained oxygen bridges 
of the Si–O–Al type are expected to exist.
The determination of the basicity of a zeolite involves estimating the 
number and strength of these basic centres. As in the case of acid sites, ba-
sic sites can be identified adsorbing probe molecules, although in this case 
acid probe molecules, such as CO2, pyrrole, methanol, acetonitrile, acety-
lene, halogenated alkanes, H2S, NO and N2O4 [37,110,114,115] are required. An 
ideal acidic probe molecule should interact exclusively with the zeolite ba-
sic lattice oxygen. However, the compensating alkaline cations act as Lewis 
acid sites and form conjugated acid-base pairs, which can interact with any 
molecule. An ideal probe molecule for zeolite basicity should adsorb selec-
tively on basic lattice oxygen atoms and not induce any modifications in 
the solid. In this sense, the best molecules are those which disproportion-
ate into cations and anions. The anions immobilize the exchangeable cat-
ions. The cations adsorb onto the lattice oxygen of the zeolitic framework 
and probe the basicity of this oxygen.
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Acetylene and its derivatives also turned out to be suitable probe- 
molecules for basic centres in zeolites. Acetylene exhibits shifts in ν(C–H) 
frequency, which are sensitive to the strength of basic sites of alkali- 
exchanged zeolites. Uranova et al. [115] studied the adsorption of acetylene 
on NaX, Cs/NaX, and Na/Y zeolites. Two types of complexes with acetylene 
may be formed: i) complexes with metal cations (complex 1) and ii) com-
plexes with basic oxygen atoms of the framework (complex 2). One can 
expect that the frequency of the stretching vibrations will slightly increase 
in the case of complex 1, whereas the opposite shift of this band may be an-
ticipated in the case of complex 2. The decrease in frequency of the stretch-
ing vibrations in such complexes compared to the gas phase (3287 cm-1) 
may be accounted for by the weakening of the C-H bond in the complex 
involving basic oxygen atoms. Therefore, this frequency may be used as a 
tool for estimating the basic strength of surface oxygens. Thus, the ν(C-H) 
frequency decreases from 3216 cm-1 for NaM and 3205 cm-1 for NaY zeolites, 
to 3175–3185 cm-1 for NaX and Cs/NaX zeolites, indicating a strengthening of 
the basic centres in X-type zeolites. Lavalley et al. [116] proposed the use of 
but-1-yne and showed that this probe could be used for zeolites with mod-
erate basicity such as Na-Y or Na-X zeolites and could be more sensitive to 
the heterogeneity of basic sites than other probe molecules.
Other probe molecules have also been used for the characterization of 
basicity in zeolites. For example, H2S was used for characterising faujasite 
type zeolites, such as NaX and NaY. The adsorption depends on their Si/Al 
ratio. Protons, which were generated via dissociation of H2S, attacked the 
zeolite lattice and formed new OH groups. On NaY with a Si/Al ratio of 
ca. 2.5 or higher, no H2S dissociation occurred, suggesting a weak basicity 
[37,117,118]. More recently, the disproportionation reaction of NO2, leading 
to a nitrate anion and a NO+ cation (nitrosonium), has been used to char-
acterize the basicity of alkali-exchanged FAU zeolites. The nitrate ions are 
stabilized by extraframework cations, whereas NO+ directly interacts with 
framework oxygen atoms. The ν(NO+) stretching frequency shift is sensitive 
to the electron density of the oxygen atom framework and, consequently, 
provides information about the basicity of the zeolite [39].
3.3.  Redox properties: metal cation exchanged zeolites
Numerous metal transitions, noble metals and rare-earth cations have 
been extensively used as charge-balancing metals in zeolites. Significant 
efforts have been dedicated to the spectroscopic characterization of these 
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materials aimed at understanding the nature (oxidation state, location, co-
ordination environment, etc.) of the active metal sites in different zeolite 
structures. The redox properties of these materials are very important for 
their catalytic performance in numerous reactions like the selective cata-
lytic reduction (SCR) of nitrogen oxides with hydrocarbons [35]. Below, we 
discuss as case study where a Co-containing zeolite shows the potential of 
IR spectroscopy for the characterization of metal transition sites in zeolites.
The co-adsorption of o-toluonitrile (oTN) and nitrile (NO) allowed the 
identification of different Con+ species and their location in a CoH-MFI 
zeolite [33]. Significant amounts of cobalt species were located on the 
external surface, mostly in the form of divalent cobalt, whereas on the 
internal surface the predominant Co species were trivalent and divalent 
ions. These observations were very valuable for explaining the reactivity 
of methane-SCR reaction. The Co3+ species active sites were located in the 
cavities, although probably in non-classical cation positions, characterized 
by a nitrosyl ν(NO) band at 1930 cm-1. These are able to convert NO to an 
adsorbed bridging nitrate species, which can be later decomposed to yield 
gas phase NO2 [119]. The cavity may contribute to the stabilization of ag-
gregates containing trivalent cobalt. At the same time, the presence of co-
balt-isocyanates involved in the SCR suggests that a possible route for the 
reaction implies the reduction of nitrate-like species by methane, forming 
water and isocyanates, which could later react with NO producing N2 and 
carbon dioxide. On the contrary, it seemed that substitutional Co2+ ions did 
not play a key role in the reaction, being almost certainly ‘‘redox-inactive’’. 
Co2+ dinitrosyls formed on them being decomposed well below the reac-
tion temperature, they did not seem to be involved in the reaction [119]. 
These considerations link the active site with the reactivity of the species 
coordinated on it and the possible intermediates for the SCR reaction.
4.  Characterization of MOFs using spectroscopic  
methods: examples
Metal-organic frameworks (MOFs) are characterization porous materials 
consisting of metal ions or clusters linked by polydentate organic linkers 
forming 3D structures with very high porosity and specific surface area 
[120,121]. The diversity of metals and organic ligands that can be combined 
to form MOFs is huge, with more than 20000 compounds of this class al-
ready reported in the literature [122]. Modifications of metal and/or organ-
ic linkers allows for changing the properties, size and shape of the pores. 
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Moreover, the introduction of guest species into the pores, which also mod-
ify the MOF properties and the type of active sites, is possible. These fac-
tors make MOFs very versatile compounds that may be potentially applied 
in different fields such as gas adsorption [123–125], molecular separation 
[126,127], or catalysis [128,129], among others [130,131], as will be discussed 
later on in this book.
The basic techniques used for MOF characterization are similar to those 
used for other materials, namely, XRD, N2 adsorption/desorption, thermo-
gravimetric analyses, NMR and SEM. XRD, which allow us to determine the 
crystallinity and phase of the material. The surface area and porosity are 
calculated from the N2 adsorption/desorption isotherms and thermogravi-
metric. Analyses inform on the thermal stability of the compound. Studies 
by SEM are useful to determine crystal size and morphology of the solid 
particles. As stated in the introduction, EXAFS and XANES spectroscopies 
are also used to determine the local environment of the sites. This data may 
be completed with information about the oxidation state of the metal ob-
tained from UV-visible spectroscopy. Thanks to the development of infra-
red spectroscopy and its use in the characterization of other materials, IR 
occupies a relevant place in the study of active sites in MOF structures. 
In addition, this technique is used to determine their behaviour when 
exposed to certain reactive molecules. This is especially important in the 
field of catalysis. Hence, in this part we will focus on infrared spectroscopy, 
commenting on some of the most relevant works on MOF characterization 
using this technique.
The active sites in MOFs can be the metallic ions or clusters, the func-
tional groups in the organic linkers or guest species into the pores. The 
aspects most studied by IR spectroscopy are thus: i) the organic linkers, 
ii) the metallic ions or clusters, and iii) the acid-base properties. The organ-
ic linkers, structural components in MOFs, are characterized by analysis 
of the direct IR spectra, while the study of metallic centres and acid base 
properties require the adsorption of probe molecules in a similar way to 
the metallic oxides or zeolites. Accordingly, the discussion of examples has 
been divided into “direct IR analysis” and “adsorption of probe molecules”.
4.1.  Direct IR analysis
The direct analysis of the IR spectra permits observation of the presence of 
organic molecules interacting (or not) with the metallic sites and hydroxyl 
groups in the MOF structure [132]. Therefore, this technique is widely used 
sPeC trOsCOPIC MetHODs OF CHArAC terIZAtIOn FOr ZeOLItes AnD MOFs 77
in the characterization of MOF compounds and it allows confirmation of 
the synthesis of the desired compound. Furthermore, the potential of this 
technique makes it adequate for application in other cases.
For instance, Xue et al. [132] were interested in developing catalysts 
for the cycloaddition of CO2 and prepared a gadolinium-based MOF 
with PMDA (pyromellitic dianhydride) as an organic linker instead of 
the aromatic carboxylic acid usually used in this synthesis. The prod-
uct obtained was characterized by conventional techniques (DRX, N2 
adsorption, TEM…) and the IR spectra of the pure organic linker and 
prepared MOF were compared. The spectrum of PMDA revealed two 
bands at 1563 and 1368 cm-1, attributed to the asymmetric and symmet-
ric stretching vibrations of carboxylate groups in the linker used. The 
formation of chemical bonds between the carboxylate groups in the 
PMDA and Gd(III) sites implies a modification of the carboxylate sym-
metry. Consequently, the shift of these bands to closer wavenumbers 
in the synthesized MOF confirmed the interaction metal-linker in the 
synthesized compound.
Among the most studied metal-organic frameworks, we find UiO, 
MIL-53 and MIL-100 families. Zr-based UiO are particularly interesting for 
their high thermal stability, which is of great importance as catalysts or ab-
sorbents in applications. These potential applications motivated the study 
of different aspects of the compounds. One such example is the work by 
Liang et al. on UiO-66 (NH2) [133]. UiO-66 shows good activity in photoca-
talysis, comparable to inorganic standard photocatalysts. However, an im-
provement on its absorbance is required. In order to obtain an improved 
photocatalyst, the combination of UiO-66-NH2 and zinc phthalocyanine (a 
typical organic conductor) by a condensation reaction was studied in this 
work. The metallic clusters were octahedral Zr6O4(OH)4 units, with the edges 
of the octahedron bridged by carboxylates from dicarboxylic acid BDC-NH2 
(2-amino-1,4-benzenedicarboxylic acid), which acted as an organic linker 
in this compound [134] (Figure 8). The reaction between UiO-66 (NH2) and 
phtalocyanine was followed by IR spectroscopy. After reaction, the disap-
pearance of the IR band typical of –NH2 groups (1030 and 1130 cm
-1) was ob-
served and the appearance of new bands at 1620 and 3344 cm-1 attributed to 
CO-NH2 and N-H stretched respectively, confirming the incorporation of the 
phtalocyanine to the MOF structure by an amide bond to the linker.
Continuing with the UiO family, we analyse the behaviour of hydroxyl 
groups using direct IR spectroscopy next. Besides a high thermal stabili-
ty, the creation of coordination vacancies, which act as Lewis acid sites, 
during dehydration, makes the UiO family a very good candidate for use 
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in catalysis. This motivated the study by Shearer et al. [135]. In this work, a 
combined DRIFTS-TG analysis permitted the determination of the OH spe-
cies implied in the dehydration process of UiO-66 and UiO-67. The authors 
detected only one band at 3681 cm-1 in the dehydrated UiO-67 sample, in 
agreement with the structure of the Zr6O4(OH)4 units and the symmetrical 
OH distribution in the cluster. However, in the sample UiO-66, constituted 
by similar cornerstones, the hydroxyl region of the spectrum shows a high 
complexity and at least six OH bands appear during the dehydration pro-
cess. The authors explain the observed differences between both samples 
by the presence of Cl- ions coming from the synthesis. The Cl- may replace 
some OH groups resulting in a lower symmetry of hydroxyls. These results 
point to an influence of the organic linker on the behaviour of the resulting 
compound.
4.2.  Adsorption of probe molecules
CO adsorption monitored by IR spectroscopy is the most widely used 
method to obtain information on the acid sites strength of metallic oxides, 
Figure 8. Combination of UiO-66-nH2 and zinc phthalocyanine. Adapted with permission from [134]. 
Copyright 2008 American Chemical society.
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zeolites, and MOFs [12,136,137]. The interaction of a weakly acid molecule 
like CO with the H-atom from the hydroxyl group results in an elongation of 
the O-H bond and, consequently, a shift of the ν(OH) vibration mode to low-
er wavenumbers. The extent of the shift is indicative of the OH acidity [138]. 
N2 has frequently been used as probe molecule because it is an IR inactive 
molecule (has no dipolar moment) and it does not interact with the active 
site, so its perturbation is only attributed to electrostatic interactions, espe-
cially important in the channels of porous materials such as zeolites [139].
Among the most widely studied MOFs we find M-MIL-53, where M is a 
trivalent metallic cation. The structure of this compound is constituted by 
octahedral MO6 units whose corners are connected (via OH) by 1,4-ben-
zenedicarboxylate (Figure 9) [140–142]. Mihaylov et al. [143] studied in de-
tail the hydroxyls region of the IR spectra of a MIL-53 (Al) series by CO and 
15N2 adsorption. Structural μ2-OH species absorbing at 3707 cm
-1 (3704 cm-1 
by Ravon et al. [144]) were observed. Two shoulders at lower frequencies 
were assigned to OH interacting via weak H-bond with the framework or 
Figure 9. the local M environment within MIL-53. Adapted with permission from [94b]. Copyright 
2013 American Chemical society.
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with the rest of the acid used in the synthesis. These authors demonstrat-
ed the huge importance of this situation on the quantification of OH acid 
strength. The interaction via H-bond of hydroxyl groups with the frame-
work provokes a shift to lower frequencies in the initial spectrum of the 
sample and the measured shift after CO adsorption does not correspond to 
the real situation. The so-called H-bond method, used in this work, permits 
calculation of the proton affinity (PA) from the Δν(OH) measured after CO 















where PAOH and PASiOH are the proton affinities of a specific OH in the sam-
ple, corresponding to a silanol group (taken as reference), respectively. The 
interaction via H-bond observed in the initial spectrum of the sample, pro-
vokes a deviation of the measured values from the real ones. Therefore, it is 
very important in this type of solids to calculate the intrinsic OH frequency 
to obtain the correct values of the induced CO shift. In this way, calculation 
of proton affinities using the equation above will provide the correct values 
of this parameter.
The influence of the metal on the acid properties of MIL-53 was also 
studied by CO adsorption at low temperature on MIL-53 (Al) and MIL-53 
(Ga) [144]. The experimental observations showed a small shift to lower 
frequencies of ν(OH) after CO adsorption at 100 K: 30–50 cm-1 for MIL-
53 (Al), and 50–100 cm-1 for MIL-53 (Ga). These evidence a stronger acid-
ity of the Ga-containing MOF. The authors also detected a difference be-
tween the measured shift of ν(OH) vibration mode and the one calculated 
by DFT. Moreover, molecular modelling evidenced that OH groups in the 
Al-containing MOF are straight, while tilted OH are present in MIL-53 
(Ga). This characterization was used to explain the observed activity in the 
Friedel-Crafts alkylation reaction. The low activity observed using MIL-53 
(Al) was related to its low acidity. However, the acid strength alone cannot 
explain the high activity of MIL-53 (Ga). The authors attributed the high 
catalytic activity of this compound to a strong stabilization of the reaction 
intermediate by the tilted OH groups in the Ga-MOF supported by theoretical 
calculations.
The flexibility of MOF structures is among the most important proper-
ties of these solids. It depends on several factors but the most important 
one is the nature of the metal [145]. Hence, Nouar et al. [145] studied 
MIL-53 (Fe-Cr), and the results were compared to those for MIL-53 (Fe) 
and MIL-53 (Cr). The analyses of the 950-800 cm-1 region evidenced the 
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presence of bands at 847 cm-1 and 928 cm-1 for the compounds contain-
ing Fe and Cr, respectively. These bands, sensitive to H2/D2 exchange, 
were attributed to δ(OH) modes. In the bimetallic sample, besides these 
bands, a new band at 885cm-1 was observed. Through comparison of the 
spectra, this new band was attributed to OH bridged to both metals (Cr 
and Fe), demonstrating the interaction between both metals. CO2 adsorp-
tion isotherms evidenced that the presence of Fe-Cr interaction strongly 
modifies the behaviour of the solid to the point that it does not match 
the expected behaviour for a theoretical mixture of monometallic com-
pounds. Additionally, MIL-53 (Fe)-X (X=CH3, Cl, Br) were characterized 
by propyne adsorption. This probe molecule, containing acid and base 
functions, may be used to detect the presence of acid-base pairs in the 
solid. The C≡C bond acts as proton acceptor and the function ≡C-H 
group as proton donor.
In the case of the MIL-100 family characterized by CO adsorption, we 
note the work by Vimont et al. [9]. The hydroxyls region of MIL-100 at 
different states of hydration was analysed. After a treatment at high tem-
perature only one band at 3585cm-1 was observed. It shows OH bonded to 
the Cr3+ sites and demonstrates that this type of OH is present in the MOF 
structure. At a higher hydration degree (lower temperature of treatment), 
this OH is perturbed, which points to some Brønsted acidity in this OH. 
Accordingly, measurements of Brønsted acidity by CO adsorption were 
carried out. The results show a shift of the hydroxyl band from 3585 cm-
1 to 3495 cm-1 (Δν=90 cm-1) after interaction with the CO molecules, thus 
concluding that Cr-OH sites have an acid strength similar to that of Si-OH 
groups. The CO adsorption at higher hydration degree indicated a weaker 
acidity of the water molecules interacting with the Cr-OH. Moreover, the 
CO adsorption permitted characterization of the Lewis acid sites. Three 
bands at 2192, 2200 and 2184 cm-1 were detected, which suggested a high 
heterogeneity of Lewis acid sites in this solid.
Gas separation and storage are among the most studied applications of 
MOFs. In this sense, it is worth noting the work about H2 storage and CO2 
adsorption on M-MOF-74 (M=Mg, Mn, Fe, Co, Zn) [123] by Fitzgerald et al. 
CPO-27-M. Spectra recorded after CO2 adsorption on every solid at differ-
ent pressures and temperatures were compared. The ν3 vibration (symmet-
ric stretching mode of CO2) seems to be the most sensitive to the gas-solid 
interaction and was related to the interaction strength due to electrostatic 
and charge transfer effects, which were different for each metal. This study 
evidences one more time versatility in tuning the properties of MOFs, in 
this case, the interaction with CO2.
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With regard to the importance of operando techniques in spectrosco-
py, Wuttke et al. used operando IR spectroscopy to clarify the separation 
mechanism of propane/propene mixtures [65]. Observation of the surface 
material during the separation of both hydrocarbons evidenced that Fe(II) 
sites, thanks to their ability to interact with the double bond of the olefin, 
hold the main responsible for the separation. Propane adsorption on the 
MOF generated two bands at 2868 and 2958 cm-1, attributed to 2δ(CH3) and 
ν(CH3), respectively, while the interaction of propene with the solid was 
characterized by the presence of ν(CH3) vibration mode at 2930 cm
-1 and 
ν(C=C)+δ(CH3) at 3060 cm
-1 (if adsorbed on FeIII) or 3048 cm-1 (if the olefin 
interacts with FeII sites). These differences distinguished the adsorption of 
both molecules on the surface, made possible following up the separation 
process and even permitted quantitative analysis to be carried out.
5.  Concluding remarks
IR spectroscopy can provide valuable and useful information on the phys-
ical-chemical properties of zeolites and MOFs, both directly and via the 
adsorption of adequate probe molecules. The acidity, basicity and redox 
sites can be identified and quantified in strength and concentration. This 
information is crucial for developing more efficient materials in their ap-
plications. From the point of view of catalysis, operando spectroscopic 
techniques can visualize, which sites play a role in the catalytic reaction 
behaving as active sites or hosting reacting agents or products. Vibrational 
spectroscopy has a special relevance in the development of structure-activity 
relationships for heterogeneous catalysis since it provides detailed molec-
ular insights on the adsorbed species over the catalyst surface, including 
reaction intermediates, spectator species and deactivating products. In this 
sense, it is always useful to ask ‘‘what can we see by IR spectroscopy in this 
reaction process?’’ As shown in this chapter, IR spectroscopy is of great in-
terest in characterizing acid-basic and redox active centres in zeolites and 
MOFs as it can often provide valuable information to better understand 
and improve the operation of these materials.
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1.  Introduction
Compañía Española de Petróleos S.A.U. (Cepsa) is an integrated energy ser-
vice company that is active along the entire petroleum value chain. Cepsa 
performs commercial activities in the field of exploration and production 
of crude petroleum, refinery, petrochemical processes, gas and electrici-
ty, and is also present in the distribution and commercialization of all its 
products. Cepsa has actively participated in the energy service sector since 
1929, when it was constituted as the first privately owned petroleum com-
pany in Spain. Since then, it has focused on research activities related to 
production processes, as well as developing innovative products. In August 
2011, the International Petroleum Investment Company (IPIC), an invest-
ment group established by the Abu Dhabi government in 1984 – which had 
been a stakeholder for 26 years – completely acquired Cepsa. At present, 
Cepsa has a worldwide international presence in Europe, America, Africa 
and Asia, and has over 10,700 employees.
Cepsa refining activity is centred in Spain, where we own three refiner-
ies that account for 34 % of our total refining capacity of 27 million tons 
per year. Our refining operation is presently concentrated in three refiner-
ies focused on delivering fuel and petrochemical commodities, as well as 
a fourth one (co-owned at 50 %), which, produces asphalts. On the other 
hand, our petrochemical business is based on aromatics. Most of Cepsa’s 
chemical products start from BTX (Benzene, Toluene and Xylenes). Cepsa 
carries out the basic petrochemicals operations at the refineries, obtaining 
raw materials, intermediate and final products. These have a multitude of 
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uses. For instance, the raw materials are used to produce detergents, poly-
esters, resins, electronic components, insecticides, synthetic fibres, and 
pharmaceutical products.
In this chapter, we will survey the roles that zeolites and metal-organic 
frameworks have in these sectors today and the ones they could play in the 
years to come, from our viewpoint of a research-intensive industrial com-
pany. Zeolites, as analysed in previous chapters, are defined as crystalline 
aluminosilicates with porous structure and ion exchange capability whilst 
they have been widely used as adsorbents and catalysts in the refining and 
petrochemical industry for the last 50 years. The international zeolite mar-
ket was assessed at around USD 3.5 billion and a volume over 3000 kt. The 
compound annual growth rate (CAGR) is predicted to grow at around 3.5 % 
from 2015 to 2020 [1–3]. Metal-organic frameworks (MOFs) are also crystal-
line porous materials, but their three-dimensional framework is composed 
of metal ions (clusters) linked to multidentate organic molecules. Thus, 
they are coordination polymers. MOFs can have very high specific surface 
areas, up to 5900 m2 g-1, and specific volumes, up to 2cm3 g-1 [3–4].
Most of the refining and petrochemical processes require a high tem-
perature at several steps due to thermodynamic or kinetic limitations. Some 
processes, like cracking, hydrotreating, etc., operate at temperatures higher 
than 400 ºC. This high severity prevents the extensive use of MOFs in such 
operations due to their limited thermal stability. Moreover, several streams 
of the refining and petrochemical industry are highly polar, and MOFs are 
not as stable as desired either. Acid and polluted streams from industrial 
operations need to be treated or purified for downstream units or to fulfil 
legal specifications. In these cases, chemical stability is a limitation for the 
industrial application of MOFs, too [3–6]. As a result, there are no important 
industrial processes based on MOFs in the current refining and petrochem-
ical industry at present. Zeolites, however, are extensively used in many ap-
plications in this industry, as demonstrated in the following sections. These 
are divided into adsorbents, refining catalysts, and petrochemical catalysts. 
Table 1 at the end of the chapter provides an overview of the different cata-
lytic refining and petrochemical processes in which zeolites participate.
2.  Zeolites as adsorbents in the refining and petrochemical 
industry
The use of zeolites as adsorbents in the refining and petrochemical indus-
try is mainly linked to the production of lineal paraffins and aromatics, in 
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which shape selectivity plays a key role [7]. The operating temperature for 
adsorption processes is normally below 200 ºc. Adsorption processes in the 
refining and petrochemical industry are made possible by the development 
of adsorbents exhibiting very specific selectivity, in particular, synthetic 
 zeolites. Thus, shape selectivity of zeolites becomes crucial in many sepa-
ration steps. Adsorption is usually applied in two cases: in the ultrapurifica-
tion of feed to other processes, and in the fractionating of mixtures that are 
very difficult to separate by distillation [8].
2.1.  Linear paraffin production
One of the most widely used tensioactives in the detergent industry is the 
LABSA (sulphonated linear alkylbenzene). This LABSA precursor, the linear 
alkylbenzene or LAB, is produced by alkylation of benzene with long chain 
olefins (C9 to C14). LAB’s current global demand exceeds 3000 kt per year. 
These olefins are produced through dehydrogenation of linear paraffins 
from kerosene. Straight run kerosene contains not only linear paraffins but 
also isoparaffins, naphthenes, and aromatics. After a hydrotreating step to 
remove impurities, kerosene is sent to a separation process. This step uses 
a 5A zeolite molecular sieve to produce a kerosene raffinate with very few 
linear paraffins and a kerosene extract containing mostly linear paraffins.
In 1945, Barrer et al. discovered the adsorption capacity of linear paraf-
fins over natural zeolites. They conducted a deep study on molecule sizes 
and operating conditions of the adsorption phenomena. Since then, the 
importance of the use of zeolites as adsorbents in separations processes 
has continued to grown until today [9].
There are two industrial processes employing molecular sieves: MolexTM 
(UOP) and EluxylTM (IFP) [8]. The world global demand of normal paraffins 
in 2016 exceeded 3000 kt and it is expected to increase growth by about 4 % 
in the coming years. MolexTM is the process most used for this application. 
It was developed in the sixties by Universal Oil Products (UOP). The pro-
cess consists of three steps: feed pretreatment, adsorption, and n- paraffin 
recovery. During the feed pretreatment, a hydrotreatment process takes 
place in order to remove mainly sulphur, nitrogen, olefins and oxygen from 
the kerosene, which are poisons to the molecular sieve. The adsorption step 
mimics a countercurrent flow between the feed and the n-paraffins, while 
the zeolite remains packed (simulated moving bed). This simulation occurs 
thanks to a rotary valve that feeds kerosene and desorbent and yields raf-
finate and extract at different points in the adsorption column. EluxylTM is 
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also based on a simulated moving bed but it employs several valves instead 
of the rotary valve of the UOP system [8].
2.2.  Xylenes production: m-xylene and p-xylene
There is another application of zeolites in separation processes closely re-
lated to the n-paraffins separation process. In this case, the desired mole-
cule is the p-xylene, which is the raw material for the production of PET 
(polyethylene terephthalate). Shape selectivity in this case allows the sepa-
ration of p-xylene from a mixture of p-, o- and, m-xylenes.
In 1964 Eberly and Arey used 13X molecular sieves for xylenes separation 
[10]. In 1981 Rosback proposed the used of Ba- and K-faujasite type zeo-
lites for the same process [11]. In 1969, UOP launched the ParexTM process, 
which consists of a simulated moving bed, while in 1997 IFP introduced the 
EluxylTM technology for this same application [8]. UOP has introduced MX 
SorbexTM for the separation of m-xylene, a process very similar to ParexTM 
but with a different molecular sieve, more selective towards adsorption of 
m-xylene.
2.3.  Olefins production
Zeolites exhibit an adsorption selectivity towards olefins over paraffins of 
approximately 10:1. Based on this, there are several industrial applications 
with this objective [8,12–13]:
• UOP Olex Process: for separation of C10-C14 olefins on a modified X zeo-
lite
• UOP Sorbutene process: for 1-butene separation from a C4 cut
• Union Carbide Olefinsiv process: for separation of n-C4/isobutene on a 
5A zeolite
2.4.  Liquid and gas purification
Other applications of zeolites in the petrochemical industry are related to 
stream purification by adsorption, as in the LAB production for detergents. 
Along the LAB production scheme, the n-paraffins obtained through the 
MolexTM process are dehydrogenated to produce n-olefins. This is done in 
the UOP PacolTM process (paraffin conversion to olefins), which produces 
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not only olefins but also a small amount of undesired alkylaromatics as 
these can be dialkylated in subsequent steps producing a further loss of 
yields. UOP PEPTM (PacolTM Enhanced Process) uses an adsorbent to re-
move these aromatics [14].
Zeolites are also used in the refining and petrochemical industry for 
PSA (pressure swing adsorption). This technology is widely used for hy-
drogen (H2) purification. Hydrogen is produced and consumed in many 
processes in the oil and gas industry. Depending on the process, several 
contaminants can be present along with H2, such as N2, CH4, C2H6, CO, 
CO2, H2S, H2O and NH3. When H2 purity is over 60 vol.%, PSA is the best 
option for H2 purification compared to cryogenic or gaseous permeation 
processes. PSA technology is based on the use of activated carbon and/or 
zeolitic molecular sieve and alternating pressure to effect the H2 separa-
tion from the impurities [8].
3.  Zeolites as catalysts in the refining industry
Current refining processes have three main objectives:
• Separateing the lighter and more valuable fractions (gasoline, kerosene, 
diesel) from the crude oil.
• Converting the remaining heavy fractions into lighter ones through 
 conversion processes. These processes require severe conditions (tem-
perature and/or pressure).
• Fine-tuning the obtained light fractions in order to fulfil the legal re-
quirements for fuels and petrochemical needs.
As shown in Figure 1, zeolites are key elements of refinery operations due 
to their excellent properties for the selective chemical conversion of several 
hydrocarbons families into more valuable ones.
3.1.  Fluid catalytic cracking
Cracking units are used to convert vacuum gasoil and other low valuable 
cuts into more valuable ones such as gasoline, jet fuel or diesel. The flu-
id catalytic cracking (FCC) process involves a series of simultaneous reac-
tions, both exothermic and endothermic. Nevertheless, the overall process 
is endothermic and therefore requires a continuous energy supply in order 
to reach reaction temperatures above 450 ºC [15–16]. Catalytic cracking is 
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Figure 2. the evolution of FCC catalysts [15–19].
the second-largest zeolite consumer, representing more than 95 % of the 
total volume of zeolites used as catalysts. The highest consumption of ze-
olites is as detergent builders, which accounts for more than two thirds of 
the total market [17].
Regarding the catalysts used in the FCC, Figure 2 shows its historic evo-
lution. Since the first developments, when amorphous catalysts were used 
Figure 1. refinery scheme (zeolite-based processes are highlighted).
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(selective active matrix or SAM), to the 60s, when Mobil invented a spray-
dried catalyst based on ultra-stable Y zeolite (USY), there has been a clear 
evolution aligned with product requirements. Since then, zeolite Y with 
different modifications and additives has been the base of FCC catalyst. 
Nowadays, the incorporation of ZSM-5 into the catalyst in order to increase 
light olefin yields and to boost gasoline octane is widespread [15–19].
The Resid FCC process (RFCC) converts heavier feedstock compared to 
the conventional FCC, with a residue content between 1 to 6 wt.%. This 
feedstock contains more organic nitrogen and organic metals (vanadium, 
iron, nickel, sodium and calcium) than those of the conventional FCC. The 
two most common technologies are Axens RFCC (R2RTM technology) and 
UOP RFCC. In both cases, a two-stage catalyst regeneration is used in order 
to minimize catalyst deactivation due to vanadium [15]. The USY requires 
a balanced concentration of acid sites of proper acid strength in order to 
minimize coke formation and maximize yields [18].
There are several commercial suppliers which commercialize FCC cata-
lysts, such as GRACE, BASF, Albemarle, SINOPEC and Rive in partnership 
with GRACE. A review of the latest patents demonstrates that relevant 
 research is developing in this area, in particular in catalyst additives [20] 
and new zeolite preparation methods for improved stability and mesopo-
rosity [21].
3.2.  Hydrocracking
The hydrocracking process allows the transformation of certain heavy 
streams (vacuum gas oil, deasphalted oils (DAO), coker gas oil) and low- 
value aromatic streams (such as light cycle oil (LCO) from FCC unit and res-
idues from the vacuum tower) into lighter and higher added value products 
(such as gasoline or diesel) through a catalytic cracking process in the pres-
ence of hydrogen. The reaction system requires high pressures between 
80–200 bar and temperatures between 350–450 °C [19]. There are several 
possible configurations for the hydrocracking process comprising one or 
two catalytic fixed beds, depending on the conversion requirements. The 
general scheme is shown in Figure 3.
In both configurations, there is a pretreatment step to remove metals, 
heterocompounds (sulphur, nitrogen, oxygenates), and some aromatics. 
The main catalyst for the first reactor is usually nickel-molybdenum sup-
ported on alumina (NiMo/Al2O3). The second step, in which the cracking 
process takes place, uses an acid catalyst. Several reactions to the same 
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catalyst occur at the same time (aromatics hydrogenation, ring opening 
and isomerization).
The first hydrocracking supports were amorphous silica-alumina 
(ASA). Subsequently, Y zeolite-based catalyst was developed. Zeolites 
show higher cracking activity but lower NH3 and organic nitrogen toler-
ance. The  zeolite can be exchanged with rare earth or dealuminated. The 
catalyst is bifunctional, containing a zeolite-based acid function and a me-
tallic phase. Depending on the situation different metals can be used: NiW 
mixed sulphides provide hydrogenation activity, NiMo mixed sulphides 
favour nitrogen removal. Even, in some two-stage configurations, noble 
metals such as platinum or palladium are used if sulphur concentrations 
are low [19,23]. The modification of a Y zeolite via dealumination has a 
marked influence on the product’s distribution obtained from hydrocrack-
ing. The reduction of the unit cell size and the modification of the strength 
of the acid centres and their distribution improves the selectivity to mid-
dle distillates [22,24].
In addition to the standard hydrocracking process, there are two differ-
ent variations:
• Mild hydrocracking (MHC), which works under much less severe condi-
tions than hydrocracking (30–70 bar, 350–440 °C) and is used to convert 
vacuum gas oil into medium distillates and low sulphur fuel [25]. De-
pending on the nitrogen content of the feedstock, loading amorphous or 
zeolite-based catalysts may not provide a gain of conversion compared 
to the conventional Co-Mo supported on alumina.
Figure 3. Hydrocracker configurations [22].
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• Resid hydrocracker for vacuum residue gas oils (boiling point >560 °C), 
which works at maximum pressures of 200 bar and temperatures up to 
450 °C. Y zeolite can be used for this purpose. There are several industri-
al technologies [26]:
○ Fixed bed processes licensed by Chevron Lummus Global, UOP,  Axens 
and ExxonMobil.
○ Ebullated bed licensed by Axens/IFP (H-OilTM) and Chevron Lummus 
Global (LC-FiningTM and LC-MAXTM).
○ Hybrid/moving bed licensed by Chevron Lummus Global (called On 
Stream Catalyst Replacement, OCR) and Shell technology.
Depending on each case the active phase can be Mo, Co-Mo, Ni-Mo or Ni-V. 
The catalysts have a large specific surface area with a low metal retention 
capacity and low acidity.
Nowadays the main suppliers that commercialize hydrocracking cata-
lysts are UOP, Criterion, ART-Grace, Albemarle, Haldor-Topsoe, Axens, and 
SINOPEC.
3.3.  Linear paraffin isomerization
The stream commonly called “light naphtha” comes from the atmospher-
ic distillation tower and is composed of linear and branched hydrocar-
bons with five and six carbon atoms. The isomerization of this stream 
is intended to maximize the octane number by increasing its branch-
ing  degree. This isomerized stream is then added to the gasoline pool 
[15,27].
The catalysts used in this process are chlorinated aluminas, zeolites, and 
sulphated zirconias. Chlorinated aluminas work at a lower temperature 
(180 °C) than zeolites (250 °C) because of their higher acidity. However, 
the need for a continuous chlorine input to maintain activity produces an 
effluent with small amounts of HCl, which results in corrosion problems. 
In this regard, chlorinated aluminas also have low water tolerance. As for 
zeolites, the most commonly used is Mordenite, which is dealuminated 
to  obtain the required acidity. It is also impregnated with a noble metal 
(mainly platinum), which prevents coke formation by hydrogenating coke 
precursors. The first zeolitic process was developed by Shell in the 1960s 
 under the name of Hysomer using Pt-Mordenite as a catalyst. Subsequent-
ly, UOP introduced the PenexTM process, similar to the previous one, in 
which the isomerization was integrated with a separation over a molecular 
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sieve and subsequent recycling [15]. In the late 1980s, Cepsa developed its 
own  version of the isomerization catalyst, which Süd-Chemie commer-
cializes under the name Hysopar. This catalyst is based on a Mordenite 
with better sulphur and coke resistance than the conventional Mordenite 
[27–29].
Subsequently, Süd-Chemie launched a new catalyst version, called 
 HYSOPAR-SA (super acid SA). The introduction of superacid catalysts 
based on sulphated zirconias, which allow working at lower temperatures 
(around 60 ºC), suggests that zeolites could be displaced by this type of cat-
alysts if zirconia resistance to poisons like water and sulphur is improved 
in the future [28]. There are other suppliers that commercialize these cata-
lysts, namely Shell and UOP.
3.4.  Post-treatment of reformate
The octane number of naphtha (from six to ten carbon atoms) produced in 
the reforming process can be further increased by converting the residual 
linear paraffins (with very low octane numbers) to aromatics and branched 
alkanes through a zeolite-based hydrocracking process. ZSM-5 catalysts are 
preferred because their shape selectivity only allows linear paraffins to ac-
cess their active sites.
In the 1960s Mobil introduced the Selectoforming process, using an 
erionite-based catalyst, which was modified in the 70s by the M- forming 
 process, employing a more shape selective ZSM-5 type zeolite. Gulf also 
commercialized a similar process using Ferrierite as a catalyst. The com-
mercial success of these processes is limited by the loss of gasoline yield 
compared to the octane gain and the by the low added value of the products. 
After that, Mobil developed a process named Mobil Reformate Upgrading 
(MRU), in which the zeolite is located at the bottom of the last fixed-bed 
reactor of the reforming process. In 1996 ExxonMobil commercialized a 
process based on the old Selectoforming called BTXtraTM, in which zeolite 
is used in the last reactor of a semi-regenerative catalytic reforming plant to 
increase the production of toluene and xylenes [15,24,27–28,30].
3.5.  Naphtha post-treatment
Heavy stream naphtha produced in the FCC unit requires a deep hydro-
treating step in order to fulfil sulphur requirements while minimizing 
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the loss of the gasoline octane number and avoiding olefin hydrogena-
tion. The current industrial processes include: Axens Prime G+TM, Exxon-
Mobil  SCANfiningTM, CD Tech CD HydroTM and CD HDSTM, UOP ISALTM, 
 ExxonMobil OCTgainTM, and Phillips S Zorb SRTTM. Although almost all 
these processes use catalysts based on Ni or Co-Mo on alumina, ISALTM and 
 OCTgainTM use zeolite due to its reactant shape selectivity. In the case of 
the ISALTM process, it uses a CoMo-P/Al2O3 associated to a Ga-Cr/HZSM-5 
zeolite [28,31–32].
3.6.  Non-conventional reforming
Conventional catalytic reforming process has limitations in the aromatiza-
tion of molecules with six and seven carbon atoms. Other catalysts based 
on zeolites appear to cover these deficiencies. Zeolite L exchanged with Ba 
and K and impregnated with Pt shows a very high selectivity to aromat-
ics compared to the conventional reforming catalyst (Pt-Re on chlorinated 
alumina), although it exhibits extreme sensitivity to sulphur in the feed 
[33]. The current industrial process’ that use L zeolite are Chevron Aromax® 
and UOP RZ-PlatformingTM, both operating at temperatures up to around 
500 ºC [34–35].
3.7.  Dewaxing and isodewaxing of middle distillates and lubricants
Dewaxing and isodewaxing processes can be applied to both medium dis-
tillates (kerosene and diesel) and lubricants. These processes operate at 
high temperatures (280–400 ºC) and pressures (20–110 bar). They are in-
tended to improve “cold properties” such as pour point, cloud point, cold 
filter clogging point, etc. by eliminating or modifying linear paraffins. This 
dewaxing process can be carried out in several ways: extraction with sol-
vents, selective cracking of paraffins or isomerization of paraffins. In the 
case of distillates, the latter two are most commonly used [1].
ZSM-5 is the catalyst most widely used in dewaxing by catalytic crack-
ing. It was introduced by Mobil (MDDWTM, Mobil Distillate Dewaxing) 
in 1978. In the late 1980s, Akzo-Fina improved the process by adding 
a desulphurising function to the ZSM-5. In 1992, an alliance between 
 Mobil, Akzo and Kellogg, (MAK) improved desulphurization catalyst 
properties in a new process called MDDW-CFITM (Mobil Distillate Dewax-
ing Process). This process is able to treat middle distillate feedstock with 
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Figure 4. Lube oils production scheme (zeolite-based processes are highlighted) [37].
higher n-paraffins content in order to produce better quality kerosene 
[1,28,36].
Dewaxing by isomerization employs a bifunctional catalyst of a met-
al supported on a ZSM-5 zeolite or SAPO-11. The first process of this 
type was introduced in 1990 and commercially tested by ExxonMobil 
in 1996 (MIDW-Mobil Isomerization Dewaxing) to produce low pour 
point and very low sulphur diesel. The use of Beta zeolite in a first step 
followed by a medium pore zeolite (like zeolite ZSM-22 or ZSM-23) is 
described for this process with benefits in shape selectivity for linear 
paraffins [28].
As for dewaxing and isodewaxing of lubricants, the process scheme is 
illustrated in Figure 4. The different cuts of vacuum gas oil from the vac-
uum distillation tower are subjected to a furfural extraction process to 
extract the aromatics. The raffinate, from which the aromatics have been 
removed, requires a dewaxing or isodewaxing process to improve its cold 
flow  properties. Subsequently, the dewaxed stream can be treated in the 
hydrofinishing unit to improve the colour (removal of aromatics) and re-
move sulphur [37].
Catalytic dewaxing for lube oils uses the following zeolites [1,28,36–39]:
• British Petroleum (BP) developed the first catalytic dewaxing process 
in 1972. The catalyst was Pt on Mordenite. However, the relatively large 
pore size of this zeolite also caused cracking on some of the isoparaffins, 
causing a bad viscosity index (VI) in the final lubricant.
• In the 1980s Mobil introduced the most widely used lubricant dewax-
ing process: MLDWTM (Mobil Lube Dewaxing). This process is based on 
a modified ZSM-5 that presents a greater selectivity to the cracking of 
OIL reFInInG AnD PetrOCHeMIstrY: Use OF ZeOLItes AnD OPPOrtUnItIes FOr MOFs 101
linear paraffins. However, it also presents some problems regarding the 
VI when it is compared to products obtained by solvent dewaxing.
Catalytic dewaxing by isomerization for lube oils uses the following zeo-
lites [1,28,36–39]:
• Exxon Mobil has a lubricant dewaxing process MSDWTM (Mobil Selective 
Dewaxing) based on a medium pore zeolite with a metal function that com-
pensates the cracking activity of the zeolite (for example Pt on SAPO-11).
• Chevron developed its process using SAPO-11 zeolite. The one- 
dimensional nature of SAPO-11 and its pore size makes it very selective in 
 producing highly branched products so the pour point is also improved.
4.  Zeolites as catalysts in the petrochemical industry
The use of zeolites as catalysts in petrochemistry is closely connected to ar-
omatic hydrocarbons. Many schemes have been proposed to optimise the 
production of aromatics depending on the products that one wants to max-
imize. Some technology licensors offer comprehensive solutions known 
as the ‘xylenes loop’, in which technologies from several companies can 
be combined. ParamaXTM from Axens is an example of this [40].  Figure 5 
shows a possible scheme of a petrochemical complex, highlighting those 
processes that use zeolites.
Commercial sources of aromatics include catalytic reforming, pyrol-
ysis gasoline, and coal pyrolysis. In crude oil refining, reforming naphtha 
Figure 5. Petrochemical scheme (zeolite-based processes are highlighted).
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or reformate is the product obtained from the catalytic reforming process, 
in which a low octane naphtha is converted to high octane aromatics 
 including benzene, toluene and xylenes. The amount of aromatics con-
tained in the reforming naphtha is typically in the range of 18 to 33 vol.%. 
Pyrolysis gasoline is a co-product of steam cracking of a hydrocarbon feed, 
whereas light oil from coal pyrolysis is a co-product of the manufacture of 
coke for the steel industry, and both processes produce certain amounts of 
aromatics.
4.1.  Benzene alkylation with light olefins: cumene and ethylbenzene
Approximately 90 % of all ethylbenzene consumed in the styrene- 
polystyrene industry is produced by the alkylation of benzene with eth-
ylene. This reaction is carried out by acid catalysis over AlCl3, BF3/Al2O3 or 
zeolites. The usual temperature range for these reactions is between 100– 
180 ºC. The Mobil-Badger process, marketed in the 1970s, was the first 
commercial process that employed zeolite (ZSM-5) as a catalyst. The 
shape selectivity of the zeolite allowed a reduction of coke formation by 
 condensation and hydrogen transfer reactions (transition state shape se-
lectivity). Substantial amounts of diethylbenzene were produced in the 
process. These were recycled to the reactor and converted to ethylbenzene 
via transalkylation with benzene. The process had an overall yield of 99 % 
to ethylbenzene. The  Mobil-Badger EBMax (1995) process employs a zeo-
lite, which produces fewer polyalkylates and oligomers, thanks to its partic-
ular porous system, which is capable of carrying out the alkylation reaction 
in liquid phase, thanks to its higher intrinsic activity [41]. Lummus/UOP 
has developed the EBone process, also a liquid phase alkylation process 
using a zeolite catalyst, which according to the supplier, can work during 
long cycles [42].
The alkylation of benzene with propylene yields cumene (isopropylben-
zene), is another important product in petrochemistry as it is the precursor 
of phenol. For this process, larger pore zeolites such as Mordenite, Beta or 
HY are usually used, since the narrower ZSM-5 leads to higher yields of un-
desired n-propylbenzene. The process developed by Mobil/Badger has also 
been applied to the cumene process and is actually the most commonly 
used today. UOP developed the QMaxTM process using an internally devel-
oped zeolitic catalyst, which allows (always according to the manufacturer) 
high cumene yields and a longer lifetime [43].
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Other reactions related to the alkylation of aromatics with short olefins 
using proprietary zeolites are the alkylation of toluene with methanol to 
yield xylenes [44], and the synthesis of p-ethyltoluene in the production of 
p-methylstyrene [45].
4.2.  Benzene alkylation with heavy olefins: linear alkylbenzene (LAB)
Long chain alkylaromatic compounds are used as raw materials in many 
industrial fields. Among the most important applications is the produc-
tion of surfactants for detergency and enhanced oil recovery. The usual 
process to produce these compounds in industry is the dehydrogenation 
of linear paraffins in the range C9 to C16 (see section 2.1) and the alkylation 
with benzene of these olefins. Linear alkylbenzene sulphonate (LABSA) 
is produced by sulphonation of the linear alkylbenzene (LAB) and sub-
sequent neutralization of the corresponding sulphonic acids. The range 
of temperatures for the alkylation process is around 120–170 ºC. For the 
alkylation reaction, acid catalysts such as hydrofluoric acid are usually 
employed [46]. The use of hydrofluoric acid has the disadvantage of be-
ing a corrosive, difficult to handle with a lot of health and environment 
concerns.
Solid catalysts such as fluorinated silica-alumina and zeolites have 
been successfully developed in recent decades to replace hydrofluoric 
acid. Regarding zeolites, the use of zeolite Y, Beta, ZSM-5, ZSM-18, ZSM-20, 
Mordenite and offretite have been described as valid for this process. In 
practice, when the aromatic compound is alkylated over acid catalysts, un-
desired dialkylated products are formed in addition to the monoalkylated 
species, especially when the reaction proceeds at a high conversion and 
low benzene/olefin ratio. Thanks to the shape selectivity of the zeolites, the 
formation of these compounds is greatly minimised. This effect is very ben-
eficial since decreasing the production of by-products greatly improves the 
economy of the process at the same time. Regarding the use of zeolite Y, it 
is possible to modify its acidic properties and stability by an exchange with 
rare earth cations (La, Ce, Nd, Pr) giving rise to zeolites called rare earth Y 
zeolite (REY) which have shown their ability to work in this reaction at very 
low temperatures [46–47].
The key point of this process is to control the amount of 2-phenyl iso-
mer in the final alkylate. Depending on the zeolite type it is possible to 
obtain different percentages of this isomer in the product. Large-pore zeo-
lites with moderate shape selectivity allow the production of LABs with a 
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low 2-phenyl content, similar to the distribution from a non-selective cata-
lyst such as HF. However, zeolites with monodimensional channels such as 
Mordenite allow production of alkylates with a high amount of this isomer, 
thus increasing versatility in the process. The combination of these zeolites 
allows the desired amount of the isomer to be obtained [45].
The DETALTM process launched by Cepsa and UOP in 1995 supposed a 
breakthrough in the state of the art, being the first benzene alkylation pro-
cess to produce LAB with a solid bed configuration [48–49]. As an upgrade 
to this process, the DETAL PlusTM process employs an improved catalyst 
that allows to production of fewer by-products and a lower benzene/olefin 
ratio [50].
4.3.  Xylenes isomerization
The target of this process is mainly to maximize the production of p- xylene 
by isomerizing the xylenes to thermodynamic equilibrium. This also im-
plies in some cases the transformation of ethylbenzene (as the reforming 
streams and pyrolysis gasoline contain from 15–55 % of ethylbenzene, 
which is very expensive to separate). Typical temperatures for this process 
are between 200 and 500 ºC.
Mobil launched two processes based on ZSM-5. The MVPI (Mobil Va-
por Phase Isomerization), besides isomerising xylenes, converts ethylben-
zene via transalkylation to benzene and diethylbenzene. The small pore 
diameter of the ZSM-5 facilitates the formation of p-xylene, which tends to 
diffuse rapidly minimising disproportionation reactions of xylenes (prod-
uct and transition state shape selectivity). The process MHTI (Mobil High- 
Temperature Isomerization) works at higher temperatures with a catalyst 
based on a noble metal on ZSM-5. Under these conditions, ethylbenzene 
is dealkylated to yield benzene and ethane. Currently, ExxonMobil offers 
the XyMaxSM and the Advanced MHAI (Mobil High-Activity Isomerization) 
processes that use a double catalytic bed system to optimize conversion 
of ethylbenzene, cracking of non-aromatics and isomerization of o-xylene 
and m-xylene to p-xylene [51]. The UOP ISOMARTM process is also used to 
convert mixtures of xylenes. Two different types of catalysts can be used, 
one that converts the ethylbenzene to xylenes, and another one that con-
verts the ethylbenzene to benzene [52]. AXENS also has a new generation 
catalyst for the isomerization of xylenes and ethylbenzene with the name 
OPARISTM (Optimized Aromatics Isomerization), which minimizes the pro-
duction of benzene [53].
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4.4.  Toluene disproportionation
The purpose of this process is to convert toluene to xylenes, particularly 
to p-xylene. The processes that maximize the production of p-xylene nor-
mally use ZSM-5, whose selectivity is increased by partial coking or by 
silanization. Mobil Selective Toluene Disproportionation (MSTDP) and 
Mobil Toluene Paraxylene (MTP) are two examples in which the catalysts 
combine the catalytic activity with the diffusional characteristics of the 
zeolite used. The catalyst can achieve 80 % p-xylene selectivity, whereas 
a mixture in equilibrium would result in 24 % [54].  ExxonMobil has re-
cently launched the Mobil Toluene Disproportionation Process (MTDP-3). 
Their third generation catalyst is based on a more selective and stable 
ZSM-5 zeolite, which allows cycles of more than seven years. The catalyst 
minimizes the production of C9 aromatics, which is one of the current 
limitations of this process [55]. UOP proposes for this process its PX-
PlusTM technology, which selectively disproportionates toluene to xylenes 
and benzene [56]. Typical temperatures for this process are between 350 
and 500 ºC.
4.5.  Heavy aromatics and toluene transalkylation
When the feeds are rich in aromatics of nine or more carbon atoms 
(pseudocumene, durene, etc.), disproportionation of toluene to benzene 
and xylenes can be combined with transalkylation reactions between tol-
uene and higher aromatics to yield xylenes. Three types of reactions take 
place: transalkylation of C9 with toluene, toluene disproportionation, and 
alkylbenzene dealkylation. Typical temperatures for this process are be-
tween 350 and 500 ºC.
Two types of catalysts are employed in this process, those having no 
shape selectivity and those, which increase selectivity to p-xylene. The 
former are based on Mordenite. The use of a large pore zeolite allows 
the disproportionation of toluene to benzene and xylenes and also the 
 transalkylation reactions between toluene and other alkylaromatics. 
The latter are based on ZSM-5, which can be used in combination with 
the  Mordenite-based catalyst [57]. In some patents, the use of metals such 
as Ni or Pd is described as improving the dealkylation of the heavy aromat-
ics [58].
There are several processes used for this purpose, one example being 
the Toray Advanced Catalyst (TAC-9*) process. The process can work with 
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Figure 6. Gas conversion processes (zeolite-based processes are highlighted).
mixtures of toluene and aromatics C9+ or with pure C9+. Ethyltoluene (one 
of the most abundant compounds in the C9+ fraction) is converted to tolu-
ene by dealkylation and can be further transalkylated to give xylenes [59]. 
Other industrial processes for the conversion of heavy aromatics are Ta-
toray* launched by UOP [60] or TransPlusSM from ExxonMobil. The lat-
ter has been developed by the Chinese Petroleum Corporation (CPC) of 
Taiwan and uses a catalyst developed jointly with ExxonMobil. The great 
challenge of this process is to increase the selectivity to xylenes and to 
extend the catalyst lifetime. Licensors of all these processes claim to have 
significantly improved these drawbacks over the previous generations of 
catalysts [61].
5.  Zeolites in other processes related to the refining and 
petrochemical industry
This section includes some processes related to the refining and petro-
chemical industry. The products of these processes are raw materials for 
the refining and petrochemical industry or materials derived from them. In 
Figure 6, gas conversion processes are shown.
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5.1.  Conversion of light olefins
Light olefin conversion to gasoline and middle distillates
Olefins from FCC, from the coker or from LPG dehydrogenation can be raw 
materials for gasoline production. ExxonMobil MOG process (Mobil Ole-
fins to Gasoline) produces high octane gasoline through oligomerization, 
aromatization, and isomerization over ZSM-5 zeolite. Shell has developed 
a similar process called SPGK (Shell PolyGasoline and Kerosene) with 
Ni-Mordenite for the gasoline production from C2-C5 olefins [62]. Ethylene, 
propylene and butene oligomerization are highly exothermic reactions. 
The reactions can be carried out with catalysts able to activate the olefin: 
in the homogeneous phase with metals (Ni or Ti) or in the heterogeneous 
phase with acidic supports (such as zeolites or Al2O3). Operating tempera-
ture varies from 100 to 250 ºC in heterogeneous reactors or below 100 ºC in 
homogeneous ones. Secondary reactions can occur on zeolites, (cracking 
and skeletal isomerization) and the reactivity of the different olefins in-
creases with their molecular weight [63].
Light olefin isomerization
Isobutene is the raw material for the production of methyl tert-butyl ether 
(MTBE) and for poly-isobutylene. Several processes produce the skele-
tal isomerization of butenes to isobutylene. Mobil-BP-Kellogg developed 
ISOFINTM, which uses a medium pore zeolite, while the Texaco (ISOTEX, 
Texaco olefin skeletal isomerization process) and the Shell processes use 
Ferrierite zeolite [64].
5.2.  Syngas to fuels through gas to liquids technology (GTL)
Synthetic gas or syngas can be produced from many sources, including nat-
ural gas, coal, biomass, or virtually any hydrocarbon feedstock, by a reac-
tion with steam or oxygen. Syngas is a crucial intermediate raw material for 
the production of hydrogen, ammonia, methanol, and synthetic hydrocar-
bon fuels. The syngas conversion to gasoline or other fuels or heavy streams 
constitutes the well-known Fischer-Tropsch (FT) process. The active 
phase is a composite of conventional catalysts and zeolites (ZSM-5 and/
or  SAPO-11 and/or SAPO-12), which is used in a two-step process [65]. Shell 
Middle Distillates Synthesis (SMDS) is the world’s first commercial project 
to employ gas in liquids (GTL) technology, which can be used to produce 
petroleum-like products, chemical products, waxes, and other materials 
108 MArÍA ÁnGeLes rOMerO, JesÚs LÁZArO AnD JUAnA FrOnteLA
from natural gas. The technology seems to have huge potential as an effec-
tive way to utilize natural gas. Mobil is another licensor that developed a 




The most important process is the conversion of light paraffin (C3 and C4) 
to aromatics using Ga on ZSM-5. This BP/UOP process is called CYCLARTM. 
The resulting gasoline has high octane due to the high benzene, toluene 
and xylenes (BTX) content [67].
Methanol to olefins (MTO) and to gasoline (MTG)
Methanol is produced from syngas, oil, coal or, increasingly, biomass. The 
methanol to hydrocarbons process was discovered by Mobil in 1977. This 
process is used to convert methanol to products such as olefins and gasoline. 
In the methanol to olefins (MTO) process, methanol is converted to olefins 
such as ethylene and propylene. The main catalysts applied are ZSM-5 and 
SAPO-34. The light olefins obtained can be used to produce polyolefins, 
which constitute many plastic materials. ZSM-5 is used at temperatures of 
around 400 ºC in the methanol to gasoline (MTG) process, [68].
6.  Perspectives
6.1.  The future of the refining and petrochemical industry
Refining and petrochemistry are both mature sectors. The technologies we 
use today are the result of decades of operations and millions of processed 
tons. Any new technology aimed to overcome the mature ones will have 
to be proven not only technically but also in economic, sustainability and 
safety terms. So, what are the drivers for opportunities today? There are 
Three challenges:
• First of all, the oil and gas sector is facing the introduction of non- 
conventional crude oils. Today’s operations are optimized for convention-
al crudes. Catalysts for refining are prepared to cope with some poisons 
at certain concentration levels. Non-conventional crudes are sour, dense, 
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is forcing a huge effort in R&D in pre-treatment processes – not only in 
catalysts but also in metal traps and guard beds.
• Secondly, legislation in Europe is posing more and more stringent specifi-
cations on fuels and emissions. The oil and gas industry has to implement 
and improve the finishing processes. A clear example is the new specifica-
tion for marine fuel in terms of maximum sulphur. IMO’s MARPOL Annex 
VI regulation will globally cap sulphur content to max. 0.5 % in 2020 [69], 
thus posing a challenge for fuel oil manufacturers. Another example is sul-
phur in automotive fuels: in 21 years (from 1996 to 2017) sulphur in diesel 
has suffered a huge decrease due to European Regulations, Figure 7.
 In the case of automotive fuels the European Commission is also put-
ting pressure on refiners to include biofuels in the market [70]. Biofuels 
are liquid or gaseous transport fuels, such as biodiesel and bioethanol, 
which are made from biomass (see Chapter 6). By 2020, the EU aims to 
have 10 % of the transport fuel in every country coming from renewable 
sources, such as biofuels. Fuel suppliers are also required to reduce the 
greenhouse gas intensity of the EU fuel mix by 6 % by 2020 in compar-
ison to 2010. Refining companies are coping with this in two different 
ways. It is possible to maintain the oil business as it is and acquire the 
biofuel for blending from third parties, or it could be possible to go to-
wards the concept of biorefinery. That is, to introduce biomass in the 
production sites to co-process it along with the mineral feed. Cepsa’s ap-
proach is the introduction of biomass in the current operations. This is 
another example of pressure on refiners.
Figure 7. evolution of the content of sulphur in diesel fuel.
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• Efficiency. Combustion motors are nowadays much more efficient than 
in the past. Less fuel is now required to cover the same distance. Refiner-
ies are facing this challenge by diversifying or looking at other markets or 
products in order to remain competitive. In the case of Cepsa, the inte-
gration of refining and petrochemical businesses is helping the compa-
ny to face this challenge. Production schemes have to be flexible enough 
to optimize fuels or chemicals production depending on both demands.
There are other challenges but these three are certainly key in the oil and 
gas sector. What is Cepsa doing to face them? In relation to zeolites, in ad-
dition to refining and petrochemical projects dedicated to improving the 
present industrial operation, new materials and products are researched. 
These include the development of advanced fuel and biofuels. As can be 
seen in Figure 8, regarding the biofuels area, the technology readiness level 
(TRL) of the different studies range from lab-scale to industrial research, 
evidencing that there is room for improvement at every level.
6.2.  The future of zeolite and MOF materials in refining and 
petrochemistry
As has been shown throughout this chapter, the fact that most relevant cat-
alytic processes within refining and petrochemical industry are intended 
for conversion of certain crude oil fractions into higher value ones, future 
Figure 8. Biofuels r&D Projects at Cepsa [71].
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conversion trends will be aligned by a) optimizing economics of catalyt-
ic processes by maximizing the catalytic activity and selectivity under less 
severe conditions (temperature, LHSV, pressure, H2 demand, etc.), and 
b) increasing process flexibility to deal with changes in the economic en-
vironment. This aspect implies being able to manage cheaper and more 
complex raw materials (crude oil basket) while accomplishing newer and or 
stricter specifications of quality from demanded products (gasoline/diesel).
As for zeolites, the future challenges for each of the process’ differ, al-
though common goals include the improvement of selectivity, catalyst 
lifetime, and possibilities of regeneration. Zeolitic materials combine the 
advantages of having high specific surface areas (specific surface areas of 
300–800 m2 g-1) [72] and therefore the possibility of spreading a high num-
ber of active sites per unit of mass, with a certain variety of pore and cage 
sizes and shapes. Apart from that, due to their chemical nature, it is easy to 
generate acid sites and modify their strength. Finally, zeolites have a high 
thermochemical resistance.
Sustainable chemistry for the future requires the improvement of cata-
lyst selectivity and the production of fewer waste by-products. An example 
of this is the catalytic alkylation of aromatics with olefins. In both process-
es, the alkylation with short chain olefins to obtain cumene and in long 
chains to give LAB, the production of dialkylated compounds has to be 
avoided, as these have to be treated as by-products or subjected to process-
es of transalkylation to recover the desired monoalkylated product. The 
modification of the textural and catalytic properties of the zeolites making 
them more selective to the products of interest then becomes crucial [73].
It is desirable to reduce the cracking that produces light compounds and 
yields losses in transalkylation catalysts. In this case, research should be fo-
cused on modulating the acidity to increase the yield to the desired product 
without producing cracking.
The use of new zeolites, zeotypes or even MOFs could improve the se-
lectivity, although the introduction in the market of new structures is not 
simple as a result of the strong implantation of the existing zeolites. The 
majority of the current zeolite catalysts are based on three main structures: 
Y, ZSM-5 and Mordenite. It is true that other zeolites such as Beta or MCM-
22 have been applied, but about 95 % of the volume of the zeolites used in 
catalysis is accounted for by Y zeolite for the FCC process.
Additionally, some possible new applications for zeolites can be expect-
ed, such as:
a) Methane steam reforming to produce hydrogen. Due to the fact that many 
refining and petrochemical processes require hydrogen, this conversion 
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would be very useful and profitable. In the last few years, Ru–CeO2/ 
Mordenite and Ni–La2O3/5A, have been studied for CH4 reforming with 
CO2 [74–75]. The catalyst with Mordenite as a support resulted in highly 
dispersed Ru and CeO2. Low coke formation and high activity were also 
reported, constituting a promising type of new steam reforming catalysts.
b) Fine-tuning processes: developing new zeolites that work in a selective 
way to remove poisons or chemical species that are refractive to conver-
sion. An example could be the removal of 4,6-dimethyldibenztiophene 
in hydrotreating processes [76].
In their turn, MOFs have different advantages. Due to the possibility of 
combining multiple metals with different oxidation levels and almost in-
finite organic ligands, the possibilities of tri-dimensional porous frame-
works are huge compared to new potential zeolitic systems. However, most 
relevant refining and petrochemical processes require high temperature, 
making it difficult to envision MOFs as the catalytic phase for reactions like 
cracking, hydrocracking, etc., because of their low thermal stability [3–6]. 
The replacement of zeolites in the paraffins and xylenes separation pro-
cesses seems difficult, too, since these processes are very well established 
and the adsorption process operates at moderately high temperatures.
A greater future for MOFs can be predicted in the case of adsorption 
and gas purification processes that usually work at moderate temperatures 
[77–78]. MOFs could be used in methane reforming (separation of H2 from 
CO2 stage) and hydrogen stream purification (COx removal for vegetable 
oil co-processing) in gas streams. As for separation processes in a liquid 
phase, it is noted that several heterocompounds present in oil streams, 
such as some nitrogen containing molecules (quinolones, indoles…) poi-
son some refining and petrochemical catalysts located downstream. MOF 
MIL-101 has shown a very good selectivity to remove nitrogen compounds 
in straight run gas oil or light cycle oil streams at the lab-scale [79]. These 
experiments could be a good starting point for combining purification 
units with current refining and petrochemical units [80–82].
In the petrochemical field, there are also oxidation reactions, which 
are currently carried out at low temperature without a catalyst that could 
be withstood by MOFs. The literature describes their application to redox 
 reactions involving light molecules [4,72]. These include their use for the 
direct synthesis of phenol from benzene. In this field, MOFs have been 
used for cumene oxidation to yield cumene hydroperoxide, a precursor of 
phenol. This reaction is currently carried out by oxidation with air, with-
out a catalyst, with residence times longer than 12 hours. Being that the 
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temperatures are not very high (80–90 ºC), it could be a possible field of 
application for these products. In fact, applications of MOFs for this reac-
tion can be found in the literature. In particular, MOF MIL-101 has been ap-
plied for hydroxylation-epoxidation reactions and for cumene oxidation to 
cumene hydroperoxide at the lab-scale [83–85]. The use of highly localized 
energy supply systems (e.g. microwaves) might be another possibility for 
temperature- sensitive materials, or to improve the efficiency of the cataly-
sis in general [86–87].
Although there are many recognized and mature industrial applications 
for zeolites compared to MOFs, both fields have a long way to go in creating 
and, why not, to combining them for the development of novel, efficient 
applications. Research and development is a challenging task, in which ev-
ery achievement will undoubtedly be of great interest to this industry and 
to our society.
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